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Chapter 1
Introduction
The question about the fundamental constituents of matter around us and the forces that
operate them, has been of the history of mankind from the time of the Greeks or even
before. The origin of the matter was always and actual question since the prehistoric
time. Many philosophers from the past were busy with the task to resolve the question
how the matter was born and how the universe was crated. In the early days of 19-th
century, when Dalton proposed the atomic theory of matter, chemical elements where
considered to be elementary as the name clearly suggests. The basic building block of an
element was called "atom" in Greek means an indivisible particle. The discovery of the
radioactivity and the classic scattering experiment of Rutherford broke the imagination
of the indivisible atom and open a new world of the nuclear scale. Now days we know
that the nuclei are not the elementary either, but they are made of protons and neutrons.
Also the protons and neutrons have their elementary constituents as it was described by
Murray Gell-Mann and George Zweig in 1964, when they tentatively put forth the idea
of quarks. They suggested that mesons and baryons are composites of three quarks or
antiquarks, called up, down, or strange (u, d, s) with spin 0.5 and electric charges 2/3,
-1/3, -1/3, respectively (it turns out that this theory is not completely accurate). Since
the charges had never been observed, the introduction of quarks was treated more as
a mathematical explanation of avor patterns of particle masses than as a postulate of
actual physical object. Later theoretical and experimental developments allow us to now
regard the quarks as real physical objects, even though they cannot be isolated. In a
summary talk for a conference, in 1974, John Iliopoulos presents, for the rst time in a
single report, the view of physics now called the Standard Model. The answers to the
questions "What is the world made of?" and "What holds it together?" is given in the
Standard Model. All the evidences of new discovered particles and new theory proving are
based on the experiments and the experimental results. One of the main pillars on which
the Standard Model is based are the modern scientic tools as particle detectors and the
accelerators. In the Standard Model the explanation of how particles are obtaining their
mass is partially done. In 1964 the P.Higgs proposed a mechanism in which the particles
of the Standard Model gain their mass by interaction with the so-called Higgs-eld. The
quantum component of this eld is the Higgs boson particle which is not yet discovered.
The Large Hadron Collider (LHC) complex - representing the biggest accelerator built
so far, located in the European Centre of Nuclear Research (CERN), has one of the
main task to look for the existence of the Higgs particle. The LHC started operation in
2010 at center-of-mass energy of 7TeV. Two general purpose detectors were built ATLAS
and CMS, measuring the collisions of the beams. In the LHC ring there are two more
1
detectors, LHCb - looking for b physics and ALICE, dedicated for heavy ions collisions.
The present thesis is based on the studies of instrumenting the 1:6 < jj < 2:1 region of
the CMS detector in the LHC complex at CERN with a Gas Electron Multiplier (GEM)
based detectors system, complementing the muon trigger and tracking capabilities of CMS
for the high luminosity conditions foreseen after the second phase of the LHC upgrade in
2018. Originally the high eta region (jj > 1:6) was planned to be equipped with resistive
plate chambers (RPC) and cathode strip chambers (CSC) in order to secure the muon
information of this region. Due to the harsh operational conditions as high rate the RPC
detectors wasn't instrumented and the place was left vacant. For the last three years huge
eort was made to develop GEM based detectors prototypes responding to the expected
LHC phase two demands shown in section 5.3 table. 5.1.
The thesis outline is organize as follows: In the rst chapter is given the general
introduction. The second chapter describes the physics motivation some historical notes.
The third chapter is describing the experimental setup, the CMS detector. In the forth
chapter the is shown the CMS Muon system with detailed description of all the sub-
detector systems. In the fth chapter is given the upgrade plan for the CMS resistive
plate chambers and the high eta region. In the sixth chapter is shown the introduction
and the present technologies of the MPGD used for the CMS GEM detector. In the
seventh chapter are described all the small prototypes and test results made for the study
of this detector technology. In the eighth chapter is shown the full scale prototypes of
GE1/1 size made for the CMS detector development. In the appendix are given all the
infrastructure details like Timing DAQ, VFAT electronics etc. used for the test. Inside
chapter nine is the summary of the work.
2
Chapter 2
LHC Particle Physics and Particle
Detection
The standard model (SM) is a theory describing the electromagnetic, weak and strong
nuclear interactions. The SM was developed throughout the middle of the 20-th century.
The experimental conrmation of the existence of the quarks and the became a base of
the present SM. The discoveries of the bottom-quark in 1977 [2], the top-quark in 1995 [3]
and the tau-neutrino in 2000 [4] form the modern view of the SM theory. In 2012 the
discovery of the higgs-bosson [6] completes the set of predicted particles.
2.0.1 The Particles of the Standard Model
The standard model includes 12 elementary particles of spin 1
2
known as fermions. This
kind of particles respect the Pauli exclusion principle and each fermion has a correspond-
ing antiparticle. Inside the fermion group we have six quarks and six leptons as it is
shown in g. 2.1. The six quarks are: up-quark, down-quark, charm-quark, strange-
quark, top-quark and bottom-quark. The leptons are: electron, electron-neutrino, muon,
muon-neutrino, tau and tau-neutrino.In the gure are also shown the gauge bosons which
mediates the forced during interactions between particles.
SM describes three generations of fermion matter, where each consist up and down
quark, charge lepton and neutrino. Table 2.2 show the SM fermions with some of their
characteristics.
2.0.2 Interactions in the Standard Model
The standard Model is a gauge theory based on symmetry group SU(3)C
SU(2)L
U(1)Y
which describes the strong, weak and electromagnetic interactions, by exchanging the
corresponding spin -1 gauge elds: eight massless gluons and one massless photon for
the strong and electromagnetic interactions, and three massive bossons W and Z, for
the weak interactions. The fermionic matter content is given by the known leptons and
quarks, which are organized in three fold family structure:
e u
e  d0

;

 c
  s0

;

 t
  b0

(2.1)
where, each quark appears in three dierent colors
3
Figure 2.1: Particles in standard model.
Figure 2.2: Fermions in the Standard Model [8].
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
l qu
l  qd



l
l 

L
;

qu
qd

L
; l R; quR; qdR; (2.2)
The strong interactions known as Quantum Chromodynamics (QCD) is based on the
gauge group SU3 and describes the color interaction between the quarks. There are three
color charges: red (r), green (g) and blue (b). The eight gauge boson of QCD are called
gluons. QCD has two important characterisitics:
 Connement, which means that the quarks cannon exist freely. are are always
grouped together "conned" in colorless hadrons, bound states of quarks and/or
antiquarks. A pair of quark and antiquark of opposite color can form a "meson"
and 3 quarks of dierent color (r,g,b) can form a "baryon".
 Asymptotic freedom, describes the behavior of quarks at small distance or at large
momentum scales. When the quarks are very close together the force between them
becomes very small.
The electroweak interaction it is formulated by Glashow, Salam and Weinberg, is
giving a unied view of the electromagnetic and weak interactions, which is based on
SU(2)LU(1)Y , where L is the left-handed particles and Y stays for hyper-charge. The
gauge bosons of the electroweak interactions which mediates the forces are the W-bosons
for SU(2)L and B-boson for the U(1)Y . The relation between the electric charge Q and
the hyper-charge Y and the third component of the isospin T3.
Q = T3 + Y (2.3)
The electroweak theory describes the electromagnetic and the weak interactions where
the left- and the right-handed particles transform dierently under the symmetries of the
theory. The left-handed particles as quarks and leptons transform as weak isospin dublets,
while the right-handed quarks and charged leptons transform under SU(2)L as singlets.
Because of this chirality there cannot be any mass term explicit for the fermions in the
Lagrangian. This provokes gauge symmetry breaking moreover the gauge invariance also
prohibits the existence of the gauge bosons mass.
W boson were seen in January 1983 during a series of experiments conducted by Carlo
Rubbia and Simon van der Meer. The actual experiments were called UA1 ,led by Carlo
Rubbia and UA2 , led by Peter Jenni. UA1 and UA2 found the Z bosons few mounts
later in May 1983.
2.1 The Brout-Englert-Higgs Mechanism
In particle physics the Higgs mechanism is a mass generation mechanism, a process that
gives mass to the elementary particles.According to this theory the particles gain mass
by interacting with the Higgs eld that permeates all space [8]. In the standard model
the Higgs mechanism refers to the generation of the masses of W and Z bosons through
the symmetry breaking.
The Goldstone theorem says that every spontaneous broken continuous symmetry
there will be a massless scalar particle know as the Goldstone boson The numbers of the
Goldstone bosons is same as the number of the broken generators
Before the electroweak symmetry breaking all the gauge bosons are massless. In the
experiments was observed only one massless boson which is the photon  and three masive
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gauge bosons W+, W  and Z. It is also known that the electric charge is conserved. The
spontaneous symmetry breaking of the form
SU(2)L  U(1)Y ! U(1)EM (2.4)
To give mass to the three gauge bosons, the three Goldstone bosons has to be taken
away. To do this we need minimum three degrees of frodom of the scalar elds. For this
we are introducing a complex scalar SU(2) doublet with positive hyper-charge Y=1
2
.
 =

+
0

(2.5)
The SM Lagrangian without the strong part is given by
LSM =  1
4
W avW
v
a  
1
4
BvB
v + LiiD
Li + eRiiD
eRi (2.6)
where i runs for the three generations, , v are the Lorentz indices and a runs over
the number of generations in the gauge group. The strengths of the eld is shown as:
W av = @W
a
v   @vW av + g2"abcW bW cv
Bv = @Bv   @vB
The covariant derivative for the left- and right-handed leptons is given by:
DLL = (@   ig2TaW a   ig1YlB)LL
DLR = (@   ig1YlB)LR
where Ta are the generators of the gauge group. g1, g1 are the coupling constants for
the electroweak interaction. The scaler doublet  is introduced already 2.5 and we need
to add the scalar part to the Lagrangian.
LS = (D)y(D)  V () (2.7)
where V () = 2y + (y)2
V () represents the scalar potential which is called the "Mexican Hat".
In  needs to be positive for stable vacuum. Depending on the sign of 2 we can see
the two cases.
 2 > 0, then the potential V () = 2y+(y)2 is always positive with minimum
at
h0jj0i  0 =

0
0

(2.8)
In this case there is no spontaneous symmetry breaking.
 2 < 0, the minimum of the potential is no longer located at the origin. The natural
component of the scalar eld can acquire Vacuum Expectation Value (vev).
h0jj0i  0 =

0
vp
2

; v =
r
 
2

(2.9)
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By giving a vev to the neutral component is conserved
We proceed to expand  around its minimum 0.
(x) =
1p
2

0
v +H(x)

(2.10)
and inserting this in to the kinetic part of LS 2.7. Redening the gauge elds as
W =
1p
2
(W 1  iW 2) (2.11)
Z =
1p
g21 + g
2
2
(g2W
3
   g1B) (2.12)
A =
1p
g21 + g
2
2
(g2W
3
 + g1B) (2.13)
we nd for the kinetic part of the scalar Lagrangian
jDj2 = 1
2
(@H)
2 +
1
2
g22(v +H)
2W+ W
  +
1
8
(v +H)2(g21 + g
2
2)ZZ
 (2.14)
The photon A remains massless. The W and Z bosons mass therms have the general
form M2WWW
 and 1
2
M2ZZ
 from where we can nd the masses.
MW =
1
2
vg2 (2.15)
for the W bosons
MZ =
1
2
v
q
g21 + g
2
2 (2.16)
for the Z boson
MA = 0 (2.17)
for the massless photon.
The three gauge bosons have absorbed a degree of freedom from the scalars and be-
came massive in case of spontaneous symmetry breaking. One massless gauge boson and
one scalar remain. The remain scalar of freedom H correspond to the so-called Higgs
boson. The mass and coupling for H can be determined from the scalar Lagrangian 2.7,
substituting the 2.10, using v2 =  2

and extracting the parts with only H, we can nd
the Lagrangian for the Higgs boson.
LH = 1
2
(@H)(@
H)  v2H2   vH3   
4
H4 (2.18)
The scalar masses are corresponding to the general form 1
2
m2 and for the Higgs boson
mass we can have:
mH = 2v
2 =  22 (2.19)
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In order to give masses of the fermions we can introduce a coupling therm between
the them and the Higgs eld. The Yukawa Lagrangian for the rst generation is given by
LF =  e LeR   d QdR    Q~uR + h:c: (2.20)
where we introduce the conjugate ; ~ = i2
 which has negative hypercharge. This
is needed for the coupling of the up-quarks.
The Brout-Englert-Higgs mechanism predicts the existence of the Higgs boson. On 4
July 2012, the CMS and the ATLAS experimental teams at the Large Hadron Collider
independently announced that they each conrmed the formal discovery of a previously
unknown boson of mass between 125 and 127 GeV/c2, whose behavior so far has been
"consistent with" a Higgs boson.
2.2 Supersymmetry
The Supersimmetry is a symmetry that relates particles of one spin to other particles
that dier by half a unit of spin. These particle are known as superpartners. In a theory
with unbroken supersymmetry, for every type of boson there exists a corresponding type
of fermion with the same mass and internal quantum numbers (other than spin), and
vice-versa. Incorporating supersymmetry into the Standard Model requires doubling the
number of particles since there is no way that any of the particles in the Standard Model
can be superpartners of each other.
So far there is no evidance for the existance of supersymmetry. It is motivated by
possible solutions to several theoretical problems. Since the superpartners of the Standard
Model particles have not been observed, supersymmetry must be a broken symmetry if it
is a true symmetry of nature. This would allow the superparticles to be heavier than the
corresponding Standard Model particles.
2.3 Particle Detectors - Historical Notes
Interesting fact is the historical development of the dierent particle detection methods
which lead to the new physics discoveries and to the construction of the Standard Model.
Fig. 2.3 shows the chronological evolution of the detectors instrumentation and the new
discoveries. On the top part of the scale are pointed the important discoveries which are
relevant to the present Standard Model. On the bottom are the used detectors technolo-
gies.
The rst detector technology used for particle observations is the spinthariscope, in-
vented by William Crookes in 1903. A Spinthariscope is a device for observing individual
nuclear disintegrations caused by the interaction of ionizing radiation with a phosphor.
In 1911 Charles T.R. Wilson made the cloud chamber shown on g. 2.5. He got a Nobel
price for his invent in 1927. The cloud chamber design was based on the dust chamber
principle (g. 2.4) made by John Atiken in the far 1888 which used to study the cloud
formation.
This detector plays important role for the future discoveries. Arthur H. Compton used
the cloud chamber in 1922 to discover scattering of photons on electrons (Compton eect)
(Nobel Prize 1927 together with Charles T. R. Wilson). It was also used for the discovery
of the positron predicted by Paul Dirac 1928 (Nobel Prize 1933) found in cosmic rays by
8
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Figure 2.3: Historical time scale of particle detectors.
Figure 2.4: Scetch of the dust chamber made by J.Atiken in 1888.
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Figure 2.5: The Cloud chamber made by Charles T. R. Wilson ,in 1911, Noble Prize 1927).
Carl D. Anderson 1932 (Nobel Prize 1936). With the cloud chamber Anderson discover
the muon in 1936.
The next important detector which plays historical role is the Geiger-Mller tube made
in 1928 by Hans Geiger and Walther Mller. The tube is lled with inert gas (He, Ne, Ar)
and organic vapour. Inside the tube there is a thin wire 20-50 m in diameter. Between
the tube and the internal wire there is an electric eld with several hundred volts. Sketch
of the Geiger-Mller counter is shown on g. 2.6
Figure 2.6: Sketch of the Geiger-Muller counter
The Geiger-Mller counter was deployed in very wide range of application. In 1929,
Walther Bothe proposed his coincidence schema and the idea to use more then one tube
in order to determine the direction of the ionized particle. This was the birthday of the
tracking and coordinate detection principle. In g. 2.7 we can see the electrical diagram
of the rst coincidence unit. It was based on two vacuum tubes, double triode and single
tetrode working in a saturated mode. The output signal is present only when the two
tubes are have been red at the same time. Walter Bothe got a Nobel prize in 1954.
Next part of the particle detector family responsible for many discoveries are based
10
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Figure 2.7: First coincidence schema proposed by Walther Bothe 1929.
on the Nuclear emulsion method. The Pioneer of this detector technology was Marietta
Blau 1937. It represents photographic emulsion layer with thickness between 10-200m
made with uniform grains of 0.1-0.3m size.
Fig. 2.8 show an example of such a nuclear emulsion image. With this detection
method very high resolution of particle tracks has been achieved. The analyses of the
developed emulsions are made with microscope which requires lots of time and personnel
doing this. Using this method the rst observation of nuclear disintegration from cosmic
rays was fact in 1937. The discovery of the pion in cosmic rays by Cecil Powel 1947 (Nobel
prize in 1950) and the discovery of the kaon in 1949 from G. Rochester was based also on
this detection mechanism. Now-days there are still working experiments using the nuclear
emulsion principle.
In 1952 Donal Glaser (Nobel prize in 1960) invented the bubble chamber. Inside the
detector volume as medium is located liquid (H2) at boiling temperature and when the
charged particle passes trough they leave trails of ions which provokes the formation of
small bubbles around them.
Such a bubble chamber was used by Gargamelle collaboration in CERN in 1973 for
the discovery of the "neutral current".
Important role was the invention of the photomultiplier tube (PMT) in 1934 by Harley
Iams and Bernard Salzberg (RCA cooperation). It is based on the photo eect and
secondary electron emission. The PMT is sensitive to a single photon and it is used to
detect and measure the light after scintillations. The PMT still has very big usage in the
modern experiments.
The discovery of the MWPC plays relevant role in the coordinate detectors develop-
ment. MWPC was made by Georges Charpak in 1968 (Nobel prize in 1992). MWPC is
part of the big gaseous detector family which can be operational in high rate and have very
good space and time resolution and self-triggered operation which became very attractive
for the use in high energy physics experiments.
Fig. 2.11 show George Charpak with his colleagues at CERN working on the MWPC
project. After this invention the era of the gaseous detectors development became a fact.
MWPC is described in details in section 6.4.1.
Other solution very similar to the MWPC is the Drift Chamber proposed in 1971 from
A.H.Walenta, J.Heintze and B. Schrlein. In this detector technology the drifting time
11
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Figure 2.8: Microscopic photograph of nuclear emulsion
Figure 2.9: Gargamelle buble chamber in CERN. now days is a part of the CERN Microcosm museum.
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Figure 2.10: Photomultiplier tube.
Figure 2.11: Photograph of Georges Charpak, Fabio Sauli and Jean-Claude Santiard.
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of the electrons is equal to the time between primary ionization and the arrival on the
pickup electrode wire. Drift chambers have also wide area of application.
One of the latest gaseous detector technology is the Micropattern gaseous detectors
(MPGD). They are able to sustain extremely high rates and have good time resolution
on order of few ns and very good space resolution (< 100m). MPGDs arel deployed in
many modern experiments which are still operational. In chapter 6 MPGDs are described
in details.
2.4 LHC Complex
One of the most powerful tool now-days for the particle physics is the LHC accelerator
complex at CERN.
2.4.1 Historical Chronology of LHC
The Large Hadron Collider (LHC) is a two ring super-conductive hadron accelerator and
collider installed in the existing LEP experiment tunnel with total length of 26.7km. This
tunnel was construed between 1984 and 1989 specially for LEP. The Lep tunnel has eight
straight sections and eight arcs and lies between 45 and 170m depth from the ground
surface. Approximately 90% of its length is in molasses rock, which is excellent for this
application. The other 10% are in the limestone under the Jura mountain. There are
two transfer tunnels of approximately 2.5km linking the LHC to the CERN accelerator
complex that acts as injector. The experimental points for ATLAS and CMS - Point
1 and Point 5 are new, while those for LHCb and ALICE - Point 8 and Point 2, were
originally built for LEP. [9] The approval of the LHC project was given form CERN
council in December 1994. The project was staged in two steps. First was planned to
built a machine with center-of-mass energy of 10TeV and then to move to second step and
upgrade it to 14TeV. In 1996 the CERN council had approved the construction of14TeV
machine in single stage. The decision to built LHC was strongly depended of the inuence
of the fact saving coasts by using the existing tunnel and infrastructure of the old LEP
experiment. By this way were saved lots of billions of money, which was relevant for the
future development of LHC. The LHC design depends on some basic principles, linked
with the latest technology. Being a particle-particle collider, there are two rings with
counter -rotating beams, unlike particle-antiparticle colliders that can have both beams
sharing the same phase in single ring. The geometry of the tunnel was originally design
for the electron-positron machine LEP, and there were eight crossing points anked by
long straight sections for the RF cavities that compensated the high synchrotron radia-
tion losses. Proton machine which is LHC doesn't have the same synchrotron radiation
problem and would ideally, have longer arcs and shorter straight sections. The option to
use the LEP tunnel as it was built is appearing as very good cost eective solution.The
tunnel in the arcs has internal diameter of 3.5 meters, which makes it very dicult to
install two completely dierent proton rings.
2.4.2 Performance and Goals of LHC
The aim of LHC is to look in the physics beyond the Standard Model with the center of
mass collision energy up to 14TeV . The number of events produced in the LHC collisions
per second is given by.
14
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Figure 2.12: LHC complex with the four main experiments ATLAS, CMS, ALICE and LHCb.
Figure 2.13: Photograph showing the inside of the LHC tunnel with internal diameter of 3.5 meters.
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Nevent = Levent (2.21)
where event is the cross section the event under study and L is the LHC luminosity
which depends on the beam parameters and can be for a Gaussian beam distribution like
L =
N2b nbfrevr
4n (2.22)
were Nb is the number of particles per bunch, nb is the number of bunches per beam,
frev is the revolution frequency, r is the relativistic gamma factor, n is the normal-
ize transverse beam emittance,  is the beta function at the collision point, F is the
geometric luminosity reduction factor due to the crossing angle at the interaction point.
F =
 
1 +

cz
2
2! 1=2
(2.23)
where c is the full crossing angle at the interaction point, z is the RMS bunch lenght,
 is the transverse RMS of beam size at the interaction point. 2.23 assumes to have
round beams with equal parameters.
Fig. 2.12 show sketch of the LHC complex. It has two high luminosity experiments
ATLAS and CMS they are designed to operate at peak luminosity of L = 1034cm2s1
for proton beams. There are two low luminosity experiments as LHCB looking for B-
physics with L = 1032cm2s1 and TOTEM for the detection of small angles proton from
elastic scattering with L = 2x1029cm2s1 with 156 bunches. LHC is also designed to
operate with ion beams as well and ALICE experiment is dedicated for this aiming peak
luminosity of L = 1027cm2s1 for nominal lead-lead ion operation.The sage of anti-proton
beams is excluded because of the high intensity of the beams required for a luminosity
L = 1034cm2s1. It also exclude of using particle anti-particle conguration.
2.4.3 Physics Goals of the CMS Experiment
The CMS experiment which is part of the LHC complex has the task to nd the evidence
of existing of the Higgs boson 2.1. The expected mass of Higgs is <0.5 TeV. The center-
of-mass energy in LHC is foreseen to be 14 TeV which covers completely the energy band
to discover or exclude the Higgs Boson. The total proton-proton cross section at
p
s =
14 TeV is expected to be about 100 mb. At the designed luminosity of 1034cm 2s 1 the
CMS experiment will observe an event rate of  109 events/s.
The LHC energy of
p
s=14 TeV makes the collider luminosity very important factor
in the discovery potential. Unfortunately with high luminosity the we have also high rates
of backgrounds. The most ecient and natural method to detect interesting events when
there is a huge background is the muon detection. The "gold plate" signal of the Higgs
Boson is his decay into Z   Z or Z   Z which in turn decays into four charged leptons.
If these leptons are muons, the best 4-particle mass resolution can be easily achieved and
also the muons are less aected by the radiative losses in the tracker material.
Fig. 2.14 show a simulation of 150 GeV Higgs event. In the gure we can see the
muons, which are standing after the high magnetic eld of the detector. In the gure all
background like hadrons and non insulated muons are ltered. Such an example shows
very clearly the role of the muon system in the CMS. Also it indicates the need of wide
16
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Figure 2.14: A 150 GeV Higgs event decaying into four muons in the CMS detector.
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angular coverage of muon detection. The four lepton channel is critical for the discovery
of the Higgs Boson in the mass range from 130 GeV up to 750 GeV.
Possible extensions of the Standard Model are focusing on the existence of other gauge
elds. The LHC complex allows the rejection or proving of new gauge bosons with mass
below  4 TeV which is one magnitude more then the W and Z. This is important for
the sign determination of high energy muons (pT > 1TeV ) in Z
0 ! + 
One of the latest results published in 4-th of July 2012 from the CMS and ATLAS
experiments is the evidence of new particle with mass of 126 GeV which can be a candidate
for Higgs boson.
Figure 2.15: Lates results [17].
Fig. 2.15 shows the latest ocial results from the CMS experiment of the new particle
discovery. This plot is product of many years of work with one of the most complicated
detector built so far. They are still preliminary and deep study is ongoing on world level.
Another very promising extension of the Standard Model is Supersymmetry. This
model allows the unication of the three couplings of the gauge interactions at a very
high energy scale. Superpartners for all the presently observed particles are expected at
the TeV mass scale. There are also multiple Higgs boson. In the Minimal Supersymmetric
Model for example, these are designated h0; H0; A0 and H. At the LHC Supersymmetry
18
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will be probed over the entire theoretically plausible mass range. Muons are again an es-
sential tool not only for the discovery of these supersymmetric particles, (squarks, gluinos,
sleptons, etc.), but also in determining their properties. An example is the cascade decay
of neutralinos to di-muon pairs which yields an extremely well-determined mass dierence
between the two lowest lying neutralinos, which in turn allows the determination of the
lowest supersymmetric particle mass and the reconstruction.
In order to meet the goals of the LHC physics program, CMS has to satisfy the
following requirements:
 Good muon identication and momentum resolution over a wide range of momenta
and angles, good di-muon mass resolution ( 1% at 100 GeV/c2), and the ability to
determine unambiguously the charge of muons with p<1 TeV/c.
 Good charged-particle momentum resolution and reconstruction eciency in the
inner tracker. Ecient triggering and oine tagging of  0s and b-jets, requiring
pixel detectors close to the interaction point.
 Good electromagnetic energy resolution, good di-photon and di-electron resolution
( 1% at 100 GeV/c2), wide geometric coverage, correct localization of the primary
interaction vertex, 0 rejection, and ecient photon and lepton isolation at high
luminosities.
 Good missing-transverse-energy and dijet-mass resolution, requiring a hermetic hadron
calorimeter with a large geometric coverage and with ne lateral segmentation.
The coordinate system adopted by CMS [9] has the origin centered at the collision
point inside the detector. The Y-axis is pointing veridically upwards and the X-axis
pointing radially inward toward the center of the LHC. Hence the Z-axis points along the
beam direction toward the Jura mountains. The azimuth angle  is measured form the
Z-axis in the X-Y plane and the radial coordinate is denoted by r. The polar angle 
is measured from the Z-axis. The pseudorapidity is dened as  =  lntan 
2
. Hence the
momentum energy transverse to the beam direction, denoted by pT and ET , respectively
are computed from the X and Y components. The imbalance of energy measured in the
transverse plane is denoted by EmissT .
2.5 Conclusions
Every theory needs a experimental verication in order to be accepted. One of the biggest
problem of the Standard Model is the theory describing the origin of the mass. The Large
Hadron Collider located at CERN has one of the main tasks to provide conditions needed
for probing of the existence of the Higgs boson particle responsible for the mass gain.
CMS is one of the four main detectors in LHC complex which has the task to measure all
possible particles in the TeV band. Modern particle physics requires complicated tools.
In the next chapter we describe the CMS detector in details
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Chapter 3
Experimental Setup
CMS detector is one of the four main experiments located in the LHC accelerator complex
at CERN.In this chapter, the CMS detector is described in detail, with all elements and
subdetection systems. The dierent detection technologies and their impact to the physics
program are also described.
3.1 The CMS Detector
Fig. 3.1 shows a perspective view of the CMS detector. The physical dimensions are
14.6 m in diameter, 21.6 m in length and weight of 12 500 tons. It consists of a barrel,
dividing in to 5 wheels from (YB-2 to YB+2) and three disks as closing parts - endcaps
(YE1 to YE3).
The CMS detector is located in the LHC accelerator complex at interaction point 5
(P5), which is geographically located in France near Cessy. Fig. 3.4 shows a satellite
image of the P5 site. The detector was build completely at the ground level at P5 and
was lowered element by element to the underground LHC cavern located at 100m depth.
Fig. 3.5 shows the lowering of YE-1 endcap in to the CMS cavern. The time needed to
pass the 100m shaft was about 6 hours [10].
The most important aspects of the overall detector design are the conguration and
parameters of the magnetic eld for the measurement of muon momenta. The requirement
of having a good momentum resolution, without making stringent demands on the spatial
resolution and the alignment of muon chambers, leads naturally to the choice of a high
solenoidal magnetic eld, powered using superconductive technology.
The main feature of the CMS detector is the huge magnet eld of 4Tesla made by
the superconductivity solenoid with dimensions of 12.5 m long and 6 m inner diameter.
Fig. 3.2 shows a slice view of the CMS detector and how it detects dierent particles.
The electrons are bent because of the magnetic eld while they are interact with
the tracker and deposit their energy in the Electromagnetic Calorimeter (ECAL) by an
electromagnetic cascade where we have Bremsstrahlung and pair-production. The photons
as they are neutral do not leave any tracks in the tracker but they interact in the ECAL
as an electromagnetic shower. Neutral hadrons are not aected by the magnetic eld
and do not interact with the tracker medium, but they deposit energy in the Hadron
Calorimeter (HCAL). The produced neutrinos are not detected by CMS and their presence
is only revealed by a precise measurement of the EmissT . Muons are well detected by the
muon system of CMS which is described in detail in chapter 4. They travel across
the entire experiment because of their large mass and the fact that they are experience
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Figure 3.1: A perspective view of the CMS detector.
Figure 3.2: A slice view of the CMS detector.
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electromagnetic interactions. The trajectory is bent because of the CMS magnetic eld.
This is the reason why CMS has the muon detection system outside the solenoid magnet.
Figure 3.3: Image of the CMS magnet. Lowered into the cavern. Image taken February 2007.
Fig. 3.3 shows a photograph of the magnet with the middle barrel part YB0, lowered
into the experimental cavern. The modular concept for construction and structure of
CMS is a key element for maintenance and easy access.
3.1.1 The CMS Superconducting Solenoid
The super-conducting solenoid forms the CMS magnet and it is highly required to measure
the momentum of the particles and also for particle identication. The solenoid has been
designed to operate at a maximum B eld of 4 T. It has 6 m inner diameter and 12.5 m
of length and it is enclosed inside a 21 m long and 14 m in diameter and weight 10 ton
return yoke. The magnet was fully assembled and tested on the surface and then it was
lowered in the experimental cavern with all other parts of the detector. Fig. 3.3 shows the
lowering of YB0 with the magnet and g. 3.7 shows part of the assembly on the surface.
3.1.2 The CMS Tracker
The demand of CMS requires a robust, ecient and precise reconstruction of the particles
trajectories with transverse momentum above 1GeV up to jj = 2:5, as well as a precise
measurement of secondary vertices and impact parameters for heavy-avor identica-
tion. The tracking system of CMS meets these demands, providing robust and redundant
pattern recognition tool that ensures accurate and precise tracking measurement of high-
momentum charged particles. This tool also allows particle identication via dE=dx.
Moreover, it participates to the high level trigger and aords precision measurement of
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Figure 3.4: Satellite image of IP5 - The home of CMS.
impact parameters. Identication of decays with electrons and hadrons as products, as
well as the one-prong and three-prong decay topologies of  leptons, are also among the
design goals of this system.
In order to identify the tracks to the corresponding bunch crossing the tracker should
have fast response with high granularity. In g. 3.8 is shown a remarkable reconstruction
from a Pb-Pb collision in the CMS tracker. The tracker needs to be operational in high
radiation level environment. The expected rate is in the order of 1 MHz/mm2. at a radius
of 4 cm; 60 kHz/mm2, radius of 22 cm and 3 kHz/mm2 and radius of 115 cm. The volume
of the tracker is given by a cylinder of 5.8 m length and 2.5 m in diameter which is divided
in two subdetectors. The pixel detector and silicon strip tracker. The pixel detector is
made by three layers and it is the closest element to the interaction region. They are
responsible for the small impact parameter resolution, important for the 3D secondary
vertex reconstruction of b and  decays. The pixel detector also allows to nd the seed
for the outer track reconstruction [1] [12]. Outside the pixel detector is the silicon
strip tracker, where the particle ux is low enough to permit this. This 10-layer detector
provides granularity and precision, required for the high track multiplicities. CMS is the
rst experiment that uses this technology in the outer tracker region.
3.1.3 The CMS ECAL
Behind the tracker are the calorimeters: rst the Electromagnetic Calorimeter (ECAL)
and behind is the Hadron Calorimeter (HCAL). Fig. 3.6 shows this from the 3D drawing of
CMS and its subdetectors. The ECAL is designed to measure the energy of the electrons
and the photons.
The ECAL is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
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Figure 3.5: Lowering the YE-1 endcap to the CMS cavern.
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Figure 3.6: Subdetector elements of CMS.
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Figure 3.7: Magnet assembly with YB0 in the ground surface hall.
Figure 3.8: A Pb-Pb collision reconstruction in CMS [20].
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crystals both in barrel and the endcap. Lead tungstate was chosen because of it high
density (8.28 g/cm3) and short radiation length 0.89 cm, and also for the small Moliere
radius of 2.2 cm. All these parameters assure a good shower position resolution. Important
parameter of this material is the scintillation decay time which is in the same order as the
LHC bunch crossing and 80% of the light is emitted in 25ns. The light from the crystals
is detected with avalanche photo-diodes (APD) for the barrel and vacuum photo-diodes
(VPD) for the endcap.
Fig. 3.9 shows the assembly of the ECAL endcap parts at CERN. In the gure we can
see the geometry organization of the crystals, which are pointing to the interaction point.
The Preshower is placed in front of the ECAL endcap, which plays a role in identi-
fying the neutral poins in the in  region (1:653 <  < 2:6). It also contributes in the
determination of electrons against minimum ionizing particles (MIP).
The Preshower is 20 cm sampling calorimeter made of two layers lead radiators which
are initiating electromagnetic showers from the incoming electrons and photons. The
deposited energy and the transverse shower proles are measured with whilst silicon strip
sensors. The use of high density crystals has allowed to design the ECAL with ne
granularity, fast response and high radiation hardness. All these parameters were demand
of the LHC project. Moreover, the homogeneous calorimeter as it is the ECAL was driven
by the request to have good energy resolution to detect the possible two photon decay of
the postulated Higgs boson. [1]
Figure 3.9: Photograph of Dee during the assembly in the construction hall at Prevessin site.
3.1.4 The CMS HCAL
The Hadron Calorimeter (HCAL) measures hadron jets and due to its hermeticity, gives
information on EmissT , characterizing signal of neutrinos and exotic particles [1]. The
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HCAL is a sampling calorimeter made with plastic scintillator tiles leafed with copper
absorber plates. The HCAL is located between the outer extent of the Electromagnetic
Calorimeter and the inner extent of the magnet coil.Fig. 3.6 shows the 3D drawing of
CMS detector with the sub-detectors systems. Fig. 3.10 shows the location of each HCAL
sub-elements as they are placed in the  coordinate. HO is the outer part of the HCAL,
also called "tail catcher" is placed outside the magnet solenoid, because of volume con-
straint. HB part covers jj < 1:48 and is located inside the magnet. There are also two
subdetectors in the endcaps, called Hadron Endcap calorimeters - HE, which cover the
region 1:48 < jj < 3:0 and Hadronic foreword calorimeters - HF, which cover jj < 5:2.
These two HCAL elements are located 11.2 m from the interaction point. They are also
used as luminosity monitors.
Figure 3.10: Location of the subdetectors of the HCAL as function of , as the values are shown.
3.1.5 The CMS Forward Detectors
In the forward region, away from the interaction point along the z axis, are two detectors:
Zero Degree Calorimeter (ZDC) and Centaur and Strange Object Research (CASTOR).
The CASTOR is sampling calorimeter made with quartz-tungsten. It designed to operate
in the very forward rapidity regions: It is placed at 14.4 m from the interaction point and
covers 5:2 < jj < 6:6 region. This detector was designed to complement the nucleus-
nucleus physics program and the diractive and low x physics in pp collisions. The choice
to use quartz is the radiation hardness of this material, the fast response and the compact
dimensions. Because of the Cherenkov eect, which goes on inside the quartz, the visible
transverse sizes of hadronic and electromagnetic showers are between 5-10 cm and 1 0mm,
which is about 3 to 4 times narrower than in the scintillator calorimeters. Fig. 3.12 shows
the installation of the CASTOR detector in CMS.
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Figure 3.11: Insertation of the HCAL in YB0 in CMS.
Figure 3.12: View of the CMS CASTOR installation.
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The two ZDCs covers the range jj  8:3. They are made to complement the CMS
very forward region for neutral particles, heavy ions and pp diractive studies. These
detectors are similar to CASTOR and the HF, because of the same used material - quartz
and tungsten. The two identical detectors are placed at approximately 140 m from the
interaction point on each side of CMS in the LHC tunnel.
3.2 Summary
The CMS detector is a very complex system, combining several dierent technologies.
One important part for this particular work is the Muon system, which will be described
in the next chapter.
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Chapter 4
The CMS Muon System
In this chapter a description of the CMS muon system is given. All detector technologies
used for muon detection in the CMS experiment are described in detail.
4.1 Introduction
As it was shown in section 2.4.3 the CMS muon system plays a critical role in the physics
searches program. It is based on three types of gaseous muon detectors: Resistive Plate
Chambers (RPC), Cathode Strip Chambers (CSC) and Drift Tubes (DT). The CMS
muon system provides simultaneously triggering and tracking information for every bunch
crossing. The CMS Muon system is designed to follow the shape of CMS magnet and thus
forms a cylindrical barrel part plus two closing parts called endcaps (see g. 3.6). The
area covered with muon detectors is 25000 m2 which requires to have an inexpensive
technology, but suitable for all of the CMS and LHC requirements.
The main role of the CMS Muon system is to provide identication, track reconstruc-
tion and trigger of muons with momenta from GeV to a few TeV. [13]; [14]; [15]. The
Muon trigger should cope with the 25 ns bunch crossing and thus should not have sig-
nicant dead time. The muon identication and charge assignment information must be
granted up to 7 TeV in jj < 2:4 which receptively is 10 < jj < 170. The detectors of
the muon system are operated in a very hostile environment, with a non-uniform magnetic
eld which can go up to 3.1 T, and muon particle rates up to 1 kHz/cm2 in the endcaps.
In the barrel there are less constraints: the magnetic eld is much lower, up to 2 T and
the rate doesn't exceed more than 1 Hz/cm2.
The information from the CMS Tracker is used together with the data from the muon
system. The reconstructed tracks are made at high eciency and precision. [16]. Muons
which have been reconstructed only from the hits from the muon detectors are called
"stand-alone muons". When the reconstruction is made with hits also from the tracker
those muons are called "global muons". The muon system can also be used to extrapolate
the tracks from the central tracker. Such mouns are called" tracker muons". Fig. 4.1 shows
the muon momentum resolution versus p using only the muon system and only the inner
tracker. The combination of both is called the full system. For muons with momenta
below 200-300 GeV/c, tracker muons have better resolution than the stand-alone muons.
This is because of the multiple scattering which aects the particle trajectory before
reaches the rst muon station. At higher values of p hits from the muon detection system
start to improve the overall resolution as global muons exploit the full bending of the
CMS magnet to achieve the ultimate performance in the TeV/c band. The muon system
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has a resolution around 9% at 200 GeV and from 15 to 40% at 1 TeV/c, while global
resolution of 1% at low pT and around 5% at 1 TeV/c are obtained with measurements
together with the tracker [16].
Figure 4.1: The muon momentum resolution versus p using the muon system only, the inner tracker
only. left side is for the barrel and right is for the endcap.
Regarding trigger stability, a very steep momentum threshold is obtained by having
a local space resolution of the segments which is in the order of a few millimeters. This
resolution is necessary for the high trigger eciency and also puts very high demand on
the alignment of the muon stations.
Fig. 4.2 show longitudinal drawing of the quadrant of the CMS, with the indication
of where the Muon System detectors are placed. In the fugure are shown the DT in
green, RPC in red and CSC in blue. We can see also the  segmentation from 2.4 to 0.8.
The system consist of layers of concentric stations integrated into the return yoke of the
magnet. The muons with high enough energy to go trough the full detector, should pass
at least three layers of the these stations [14].
4.2 The Drift Tubes
The Drift tube principle is based on the ionization produced in a gas volume of the detector
when charged particles pass. Fig. 4.3 shows a sketch of the DT operation principle.
Between the Tube wall and the anode wire is located the gas volume. When a charged
particle passes trough it creates ionization cluster along its path. The distance between
the anode wire and the path of the particle is marked as r. Due to the electric eld applied
between the anode and the tube wall the primary electrons will drift toward the anode
and will be registered from the DT readout electronics.The time needed of the electrons
to reach the anode wire is depending on r and the drift velocity of the gas.
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Figure 4.2: Longitudinal drawing of the quadrant of the CMS, with the indication of where the Muon
System detector are. The DT are in green, RPC in red and CSC in blue.
Figure 4.3: Principle of the Drift Tubes [23].
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As mentioned before, in the barrel region the neutron-induced background is small,
the muon rate is low and the magnetic eld is uniform and is mostly concentrated in the
steel yoke. The Drift Tubes (DT) cover the region jj < 1:2 and are organized in four
concentric layers (see g. 4.2), called "stations", each segmented in 12 sectors. Fig. 4.4
shows the position and the numbering of every station.
Figure 4.4: Layout of CMS Barrel Muon DT chambers [29].
Each station contains eight layers, grouped four by four to form Super-Layers (SL),
which measure the muon coordinate (see CMS coordinate system in section 2.4.3) in the
r  bending plane. In the rst three stations there is one more SL added perpendicular
to the others in order to provide the measurement in the z direction (along the beam line).
The transverse dimension of the drift cell was chosen to be 21 mm, which corresponds
to a drift time of 380 s in a gas mixture of Ar/CO2 85/15%. By selecting exactly
this drift time value we can avoid big occupancy of the detector. At high momentum
muons (>40 GeV), the probability to have electromagnetic cascades together with the
parent muon is non negligible. To cope with this eect a good tracking eciency is
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required particularly in the regions where only two stations are available. Redundancy
is also needed to cope with the background provoked by neutrons and photons. This is
accomplished by having several layers of separated drift cells per station. The thickness of
the drift wall is 1.5 mm, which gives good decoupling between the several layers of tubes
inside the same station. The tube cross section is 1342 mm2 and was chosen based on
the mechanical stability, limited space and the requirement of redundancy. Having many
layers of tubes requires a light and solid mechanical structure to avoid any deformations
due to its weight. Because of that the mechanical structure is frame-less, light and rigid
and is boxed in an aluminum honeycomb panel which separates the outer super layers
from the inner one. Fig. 4.5 shows the position of the DT inside the CMS yoke. In the
middle is marked the honeycomb plate and on the top and bottom side are shown the
RPC detectors which are glued to the DT.
Figure 4.5: Drift Tubes Chamber in the nal position inside the iron yoke. [29].
With such a design the reconstruction eciency for high-momentum muons is better
than 95% in the jj < 0:8 region covered by the four stations.
The requirements for the DT is to achieve a global spatial resolution in r  of 100 m.
This is achieved by the eight track points measured in the two  super layers, where the
single wire resolution is better then 250 m.
The design of the cell is shown in Fig. 4.6. The anode wire is 50 m in diameter and
it is made of gold-plated stainless steel. The eld electrode is a 16 mm wide and 50 mm
thick aluminum tape, which is glued on a mylar tape with dimensions 100 m thickness
and 23 mm width, to insulate the electrode from the aluminum case which is connected
to the ground potential.
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Figure 4.6: Transverse view of the baseline cell; also shown are drift lines and isochrones, for a typical
voltage conguration of the electrodes.
4.3 The Cathode Strip Chambers
In the endcap regions of CMS the muon rate and the neutron-induced background are
higher than in the barrel region. The magnetic eld is 3 T and non-uniform, which
complicates the working conditions of the CSCs and the rest of the muon detectors.
The CSC have been chosen to operate in this region because of their fast response time,
ne segmentation and radiation hardens. For each endcap there are three rings of CSC
stations, installed presently in CMS, plus a 4-th one which is planned to be installed
during the next long shutdown in 2013. CSC are used to identify muons in the region
0:9 < jj < 2:4 and cover 2 in  thanks to a small overlap between chambers in the same
station [14].
A Cathode Strip Chamber is a multi-wire proportional chamber in which one cathode
is segmented into strips running across wires. The avalanche produced on a wire indices
on the cathode charge dened by the electrostatic [27]
Fig. 4.7 shows the operation principle of the CSC chamber, with the developed avalanche
on the anode wire and the distributed charge across the strips. Interpolating the induced
charge on the strips allows to reconstruct the track position along the wire with a precision
of 50m or better. [28]. The CSC detectors can provide good spatial resolution(50 m)
and time resolution of 10 ns. Also by measuring the signals from strips and wires, we can
easily obtain two dimensional coordinates from a single chamber. CSCs can be operated
in a large magnetic eld without big perturbation of their working characteristics.
Fig. 4.8 shows a typical six-plane CSC detector of trapezoidal shape with a maximum
length of 3.4 m and width of 1.5 m. The trapezoidal comes from the endcap geometry
requirements. This large chamber covers a 10 sector from the CMS endcaps, while the
small type of the CSC chamber covers 20. The cathode planes are made of honeycomb
panels copper clad. The gas gaps dened by the panels are 6mm for the ME1/1 chambers
and 9.5 mm for the rest of the chambers. The strips run radially in the endcap geometry
and thus provide the  coordinate for the muon hits. The dimensions of the strips is be-
tween 3 and 16 mm for the dierent type of chambers. The wires are stretched in bunches
of 5 to 16 for readout purpose, across the strips, without any intermediate support. They
provide the radial coordinate information for the muon hits with a precision of few cm.
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Figure 4.7: Principle of coordinate measurement with a cathode strip chamber: cross section across
wires (top) and across cathode strips (bottom). Close wire spacing allows for fast chamber response, while
a track coordinate along the wires can be measured by interpolating strip charges.
For the ME1/1 chambers the wires are strung at a 25 angle to a perpendicular to the
chamber center line to compensate the skewed drift of the electrons in the 3 T BZ eld
in this region.
4.4 The Resistive Plate Chambers
Resistive Plate Chambers (RPC) are also gaseous detectors with a parallel plate structure.
They combine good spatial resolution with a time resolution comparable with that of the
scintillators [18]. In CMS the RPCs are used as a fast muon trigger. They provide the
time and the position of a muon hit with the required accuracy [14].
The structure of a RPC is based on two parallel plates, made out of phenolic resin
(bakelite) with a bulk resistivity of 1010 - 1011 
cm, separated by a gas gap of a few
millimeters. This structure is made gas tight to allow to ow gas through the gap.
The outer surfaces of the bakelite plates are coated with a conductive graphite layer,
which forms the HV-and ground-electrodes. The readout of the detector is based on
strips which run in one direction. They are electrically isolated from the HV gap and the
graphite layers with Mylar PET lm.
Fig. 4.9 shows a sketch of the RPC detector. In the gure we can see the Tops,
Bottom HV gaps which are surrounds the readout strips sheet. This structure is enclosed
in a Faraday cage made of copper and mylar sheets. The gure also shows the internal
structure of the gas gap, where we can see the plastic spacers which maintain the distance
between the gap surfaces.
The RPCs can operate in streamer or avalanche mode. The streamer mode is when the
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Figure 4.8: Schematic view of an endcap muon CSC: a six-plane chamber of a trapezoidal shape with
strips running radially (strips have constant  width) and wires running across.
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Figure 4.9: Sketch of the RPC layout.
electric eld inside the gap is kept intense enough to produce limited discharges located
near the zone of the ionization. The rate which can be obtained with this operation
mode is limited to 100 Hz/cm2 and is not adequate for high-rate applications needed
in CMS. By using the avalanche mode the operational rate can be improved. In this
mode the electric eld inside the gas gap is reduced and high amplication of the signal
is introduced in the front-end readout stage. This reduction of the charges inside the
HV gap improves the rate capability of the RPC with more then one order of magnitude
>103 Hz/cm2 [18]
Fig. 4.10 shows the physical location of the RPC detectors in the barrel region. As is
shown in the gure there are six coaxial detector layers all around the beam axis, called
RB .These detector layers are arranged in four stations. In the rst and second station
we have 2 arrays of RPC which are mounted internally and externally on the DTs. RB1in
and RB2in are located at smaller radius, while RB1out and RB2out are at larger one.
In the third and fourth station we have two RPC chambers, which are located on the
inner side of the DT layer. They are named as they are shown in the gure RB3+,
RB3-, RB4+, RB4-.A special case is the RB4 station in sector 4 where we have chambers
RB4++, RB4+, RB4- and RB4{. In sector 9 and 11 there is only one RB4 chamber. The
RPC readout strips always runs along the beam axis. In total the barrel region consists
480 rectangular chambers.
In the endcap regions of CMS there are three disks at each side. The location of the
endcap RPC chambers mounted on every disk is shown in g. 4.11.
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Figure 4.10: Schematic layout of one of the 5 barrel wheels. Each wheel is divided into 12 sectors that
are numbered as shown [11].
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Figure 4.11: RPC locations in the endcap region [11].
Figure 4.12: RPC locations in the endcap disk [11].
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4.4.1 Principle of Operation
As was mentioned before the RPC is a gaseous detector based on the ionization eect in
the gas when a charged particle passes trough the detector volume. Fig. 4.13 show the
formation of the charge inside the RPC gas gap [14].
Figure 4.13: RPC principle of operation - Model of the charge formation inside the HV gas gap [14].
After the ionization a cluster n0 electrons, starts the avalanche multiplication. An
electron charge Qe is then developed inside the gap of height d. The produced charge
starts drifting towards the anode and induces on the pickup electrode a charge qe, which
represents the useful signal of the detector. The HV power supply is used to move the
charge qs outside the gap in order to compensate the charge collected on the electrodes.
The eective ionization coecient can be dened as:
 =   ; (4.1)
where  is the number of the ionizing encounters per unit length undergone by one electron
and  is number of attaching encounters per unit length. The CMS RPCs work in the so-
called avalanche mode when the gain is not high and if the condition d < 20 is satised.
In this case the average charge qe of a single avalanche can be dened as
hqei = k
d
hQe(di) = en0 k
d

 + 
ed; (4.2)
with
k = ("rd=s)=("rd=s+ 2) (4.3)
and
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 e is the electron charge
 n0 is the average size of the primary ionization cluster
  is the cluster density for the used gas mixture
 "r is the relative dielectric constant of the electrode
 d is the gap width
 s is the electrode thickness
In order to obtain a maximum useful signal on the readout electrodes (strips) for a given
d, the factors k and  have to be as large as possible.
4.4.2 Basic Parameters and Used Materials
The resistive electrodes of the CMS RPCs are made of phenolic resin - bakelite plates
covered with a thin layer of melanin. The bulk resistivity  should be tuned according to
the rate capability of the RPC detector. There are two main eects playing a big role in
this:
 The time constant  = "0("r + 2) for an elementary RPC cell is smaller at low
resistivity.
 At very high rate the current ow through the plates becomes important and pro-
duces a voltage drop Vd across them. When Vd is high a lower eective voltage is
applied to the gas gap whit results in a lower gas amplication.
Both eects can be reduced by choosing a low value of the bulk resistivity . The voltage
drop can be estimated based on a simple electrostatic consideration as
Vd = 2 hQei rs (4.4)
where r is the rate/cm2 and  is the bulk resistivity. As an example we can assume that
hQei = 25 pC and r=103/cm2 then  should be around 1-2.1010
cm in order to have a
Vd of few tens of volts. A larger Vd would aect not only the rate capability but also the
delay of the readout pulse due to the change of the drift velocity.
The quality of the surfaces plays a signicant role in the quality of the detector. If
the surfaces are not correctly done or they are not at, this can provoke spontaneous
discharges which can dramatically reduce the rate capability of the RPC. In the last years
the surface quality improved a lot due to the use of precise tools and production methods.
The roughness factor Ra is dened as the vertical deviation of the surface from the average
prole.
Fig 4.14 show the Ra over the length for several Bakelite samples.
  Standard Italian bakelite used for L3 and BABAR RPC production [19]
  Improved Italian bakelite used for the CMS RPC production [14]
  Bakelites used by other groups [14]
 4 Melamine
The recent productions reduces the Ra by a factor of six.
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Figure 4.14: Values at Ra at several positions for dierent 1010 cm2 bakelite sample sheets.
4.4.3 Gas Mixture
The gas cluster density parameter  is very important for the detector performance. To
obtain the best results  should be as big as possible to maximize the output signal and
to reach maximum eciency of the RPC detector. (see equation 4.2). The recent gas
mixture [31] used in 2 mm gas gap is based on C2H2F4 for which  is approximately
5 clusters/mm. Lower density like   2:5 clusters/mm aect the eciency with low
streamer contamination [33].
The drift velocity for dierent C2H2F4 gas mixtures has been measured [34] [35].Fig. 4.15
shows the results for 90% C2H2F4 and 10%iC4H10 gas mixture. In the avalanche region
the drift velocity is a linear function of the applied electric eld.
At the present moment the RPCs in CMS use three-component gas mixture [25] of
C2H2F4/iC4H10/SF6 96.2/3.5/0.3% with added water vapour to maintain a humidity of
45%.
4.4.4 Double Gap RPC Design
To increase the output signal of the RPC detector, more HV gaps can be implemented
together. This allows to decrease the gas gain of the single gap and use an OR. The RPC
detectors for CMS have a double gap structure with common readout electrodes "strips"
located between the HV gas gaps. Fig. 4.16 shows simple schematic of such a structure.
Several studies of double gap RPCs have been reported in [33], [32]. Fig. 4.17
shows the improvement of the charge spectrum when we use a double gap RPC . For a
comparison in the same gure is shown also the single gap.
Also the time resolution of the RPC detector improves with the double gap cong-
uration, as it is shown in g. 4.18. The predicted resolution of the 2 mm single gap is
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Figure 4.15: Drift velocity in a 90% C2H2F4 and 10% iC4H10 gas mixture. The streamer operation
region refers to a 2 mm gas gap RPC.
Figure 4.16: Layout of a double gap RPC. (a) represents a double gap with single readout electrode
plane, (b) is a double gap with two readout planes.
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Figure 4.17: Simulated and experimental charge spectra for a double-gap RPC.
Bakelite thickness 2mm
Bakelite bulk resistivity 1  2:1010
cm
Gap width 2mm
Gas mixtures C2H2F4/iC4H10/SF6 96.2/3.5/0.3%
Number of gaps 2
Table 4.1: Basic construction and operating parameters for the CMS RPC detectors, where the typical
HV is 9300 V.
about 1.4 ns. In addition at this value also has to be taken into account the noise form
the electronics and local variations of the electric eld.
Table 4.1 shows the basic construction and operation parameters for the RPC detectors
used in CMS.
4.5 RPC Trigger and Timing
The RPCs should meet some requirements needed for the CMS experiment. They can be
formulated as:
 good resolution <3 ns
 low cluster size (number of strips red at the same time) <2
 good rate capability > 103 Hz/cm2.
Moreover, the RPCs are expected to operate at high ecient and stable performance for
a very long time: no less than 10 years of operation in CMS. A good time resolution is a
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Figure 4.18: Simulated time distribution for single-gap and double-gap 2 mm RPCs. These time distri-
butions are for  = 5 clusters/mm.
Eciency > 95%
Time resolution  3ns(98%within20ns)
Average cluster size  2 strips
Rate capability  1kHz=cm2
Power consumption < 2  3W=m2
Operation plateau > 300V
#Streamers < 10%
Table 4.2: CMS Requirements for the RPC detectors [29]
very important parameter for the triggering with high eciency. In the pre-dened 25 ns
bunch crossing of LHC, the muon identication requires not only a few nanoseconds time
resolution of the RPC detector, but also that the tails of the signal time distributions
stay within the window. This means that all the external parameters like noise from the
electronics and time walk of the strip electrodes should also be taken into account and be
kept bellow a few nanoseconds. The total tolerable time walk introduced by both eects
should not exceed 4-5 ns.
Table 4.2 shows the main RPC parameters required from CMS.
Fig. 4.19 shows the achievable trigger eciency, computed using the full simulation
of the CMS trigger detector as function of the RPC time resolution and eciency [30].
These results are valid only for the muons generated in the region  0:09 <  < 0:09 with
50 < pT <70 GeV/c and subject to a p
cut
T of 5 GeV/c. From this gure we can conclude
that the the time resolution of the RPC should not be bigger than 3 ns.
The cluster size of the RPC detectors should be small, less than 2, in order to achieve
the required momentum resolution and minimize the number of possible fake hit associ-
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Figure 4.19: Dependence of the trigger eciency and time resolution of the RPC detectors for muons
generated in  0:09 <  < 0:09 with 50 < pT < 70GeV=c and subject to a pcutT of 5GeV=c.
ations. The required rate capability of the RPCs should reach 1 kHz/cm2 and " > 95%
at 1 kHz/cm2. The hit rate of the neutrons and gamma background is 20 Hz/cm2 for the
barell RPCs and 250 Hz/cm2 for the endcaps at  = 2:1. A reasonable safe estimate of
1 kHz/cm2 is the highest rate at which the RPC should work.
4.5.1 The L1 Trigger
The RPCs are dedicated trigger detectors. Several layers of double-gap RPCs are mounted
on the DT and CSC tracking chambers, six in the central region (two layers on the inside
and outside of the two innermost muon stations, one on the inside of the two outermost
stations) and four in the forward parts (one layer on the inside of each station). Their
main advantage is their excellent
timing resolution of about 1 ns, which ensures an unambiguous bunch crossing identi-
cation. For triggering purposes the measurement of the momentum of a particle is also
important. In the magnetic eld, muons are bent in the plane transverse to the LHC
beams. It is sucient to measure the azimuthal coordinate  at several points along the
track to determine the bending and thus the pT Therefore the RPC strips run parallel to
the beam pipe in the barrel, and radially in the endcaps. There are about 165 000 strips
in total, which are connected to front-end boards (FEB) handling 16 channels each.
The RPC trigger is based on the spatial and temporal coincidence of hits in several
layers. It is segmented in 33 trigger towers in  which are each subdivided in 144 segments
in . As opposed to the DT/CSC, there is no local processing on a chamber apart from
synchronization and cluster reduction. The Pattern Comparator Trigger (PACT) logic
compares strip signals of all four muon stations to predened patterns in order to assign pT
and electric charge, after having established at least three coincident hits in time in four
planes. Spatially the PACT algorithm requires a minimum number of hit planes, which
varies depending on the trigger tower and on the pT of the muon. Either 4/6 (four out of
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Figure 4.20: Architecture of the Level-1 Trigger.
six), 4/5, 3/4 or 3/3 hit layers are minimally required. A quality parameter reects the
numbers of hit layers. For six planes there are typically 14 000 possible patterns. The outer
section of the hadron calorimeter (HO) consists of scintillators placed after the magnet
coil up to jj < 1:24. Their signals can also be taken into account by the RPC trigger in
order to reduce rates and suppress background The algorithm requires HO conrmation
for low-quality RPC triggers. The optical links from the four HO HTR boards are received
by the RPC trigger boards, and the signals are treated and incorporated in the PACT
logic like an additional RPC plane, with the required number of planes hit increased by
one.
The RPC signals are transmitted from the FEBs, which contain ASICs manufactured
in 0.8 m BiCMOS technology, to the Link Boards (LB), where they are synchronized,
multiplexed, serialized and then sent via 1732 optical links to 108 Trigger Boards in 12
trigger crates in the control room. The 1640 LBs are housed in 136 Link Board Boxes.
The Trigger Boards contain the complex PACT logic which ts into a large FPGA. There
are 396 PACT chips in the system. Since duplicate tracks may be found due to the
algorithm concept and the geometry, a ghost busting logic is also necessary. The RPC
muon candidates are sorted separately in the barrel and forward regions. The best four
barrel and the best four forward muons are sent to the Global Muon Trigger. The RPC
data record is generated on the Data Concentrator Card, which receives data from the
individual trigger boards.
4.5.2 The Pattern Comparator Trigger
Because of dierent factors like multiple scattering, energy loss uctuations there are many
possible hit patterns in the RPC chambers caused by muons with same momenta emitted
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in a certain direction. In order to lter this and produce a trigger in a particular hit
pattern found in the RPC chambers, the PACT electronics integrates two functionalities.
 it requires the time coincidence of hits in at least 2 muon stations.
 it matches the space distribution of these hits with one of many predened hit
patterns for muons of various momenta
The predened patterns are generated using simulations and they are programmed into
the Pattern Comparator Processor (PAC). The PACT trigger is a threshold trigger and it
gives the momentum code if the actual pattern of hits higher then any of the predened
patterns with lower code. The predened patterns are classied with momentum code
assigned to a class. Patters with more curve tracks are assigned to a lower code. It is
a fact that the number of predened patterns is large and it makes it complicated to
compare them with the hit pattern on line. To reduce this number there are two main
step. [29] First, the RPC signals from neighboring strips are OR-ed together. This is
done during the demultiplexing of RPC signals. For very curved tracks of low momenta,
we do not require high spatial resolution and we can perform the pattern matching on the
OR-ed strips, thus reducing the number of pre-dened patterns. For the high momentum
muons we use single (OR1) strips. Second, the design of the PAC processor implements
the parallel matching of all pre-dened patterns which pass through a given strip in the
reference RPC plane (Muon Station 2), thus saving processing time.
Figure 4.21: PACT segmentation in .
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4.6 Conclusions
The CMS muon system plays important role in the physics program. It is the tool to to
form the trigger of CMS and to have the possibility to detect the most clean ZZ decay of
the Higgs boson. The future LHC program requires upgrades in the CMS muon system
wich are described in the next chapter.
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Chapter 5
Upgrade of the RPC System
Rising the collision energy to 14 In this chapter are described the planned upgrades periods
for the CMS from 2010 till 2020. In details are shown the foreseen upscope for the RPC
RE4 region of the endcap which covers (1:1 < jj < 1:6). In the chapter is also described
the high- region upgrade where the proposed GEM based detectors will be installed.
5.1 Introduction
The CERN 10 Year Technical Plan is shown schematically in g. 5.1. It has long periods
of collider operation interleaved with shutdowns of a year or more each in 2013 and 2018.
The major intervals are:
 2010-2013: 7 TeV operation to commission the LHC and the experiments and make
early measurements of physics at this energy.
 2013-2015: Long Shutdown 1 (LS1) to repair magnet splices to allow the LHC to
operate safely at 14 TeV and to improve collimation to permit operation at high
luminosity;
 2015-2018: 14 TeV run to explore Terascale physics at moderate luminosity within
the capability of existing detectors;
 2018-2020: Long Shutdown 2 (LS2) to improve collimation in the LHC to enable
operation at highest Phase 1 luminosities; to prepare the LHC for the addition of
Crab Cavities and RF cryo-systems needed for Phase 2; to connect Linac4 into the
injector complex; and to upgrade the energy of the PS Booster to reduce the beam
emittance.
 2020-2022: 14 TeV high luminosity run to more thoroughly explore Terascale physics
and to study in more detail new phenomena observed in the preceding runs using
the upgraded detectors.
The present operational strategy is published in [22] with the dierence about dates,
which have been modied based on latest LHC time plan discussions.
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Figure 5.1: 10 years plan for the LHC operation [22].
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5.2 The RE4 Upgrade
The CMS rst level trigger (L1) is based on RPCs which provide the most precise timing
information for the barrel and endcap regions. Six concentric layers are used in the
barrel, while four layers had been foreseen in total for the endcaps to cover the region
up to jj = 2:1. Due to insucient funding only three layers were built in the endcaps
which provides limited coverage up to jj = 1:6. It was expected that the fourth layer
chamber could be constructed later so that coverage of full jj range of the original design
can be achieved. Fig. 5.2 shows this limitation as well as the present RE1,RE2,RE3 RPC
stations with the proposed one RE4 [22]. Fig. 5.3 shows the simulated trigger eciency as
function of the number of layers of the endcap RPCs. Based on this results the advantage
to extend the the detector and include fourth layer is clearly evident. CMS has decided
to divide the up-scope RPC project in to two phases.
 Phase 1: Completion of the low jj part (jj < 1:6).
 Phase 2: Completion of the high jj part (1:6 < jj < 2:1).
The new RE4 station will be installed on the back of the YE3 yoke, which is shown in
g. 5.4, mounted independently of the CSC chambers The new concept of mounting the
RE4 chambers is the usage of an aluminum frame as a supporting console which holds the
two RPC chambers of RE4/2 and RE4/3 type. This is shown in details in g. 5.5. The
group of Gent University is fully involved in this project, as well as many other colleagues
from CERN, China, Italy, India and South Korea. In [22] is the detailed information
about this project.
Figure 5.2: Prole of the CMS endcap region showing the existing RPC stations RE1, RE2, RE3 and
the proposed upgrade station RE4.
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Figure 5.3: Simulated trigger eciency as function of the number of layers of the endcap RPCs [22].
Figure 5.4: YE3 endcap disk with mounted RE3 stations.
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Figure 5.5: RE4 mounting with the aluminum support frame.
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Region Rates (Hz/cm2) High Luminosity LHC Phase II
LHC (1034cm 2/s 2-3  LHC (1035cm 2/s
Barrel RPC 30 Few 100 kHz(tbc)
Endcap RPC 1,2,3,4  <1.6 30 Few 100 kHz(tbc)
Expected Charge in 10 years 0.05 C/cm2 0.15 C/cm2 C/cm2
Endcap RPC 1,2,3,4  >1.6 500 HzkHz Few kHz Few 10s kHz
Total Exp. Charge in 10 years 0.05-1 C/cm2 Few C/cm2 Few 10s C/cm2
Table 5.1: Table of performance requirements in dierent  regions
5.3 The High- Region Upgrade
For the forward Muon RPC low eta region, many tests were performed for the several years
in order to validate the present RPC technology (described in section 4.4) and gas mixture
for rates of 10 Hz/cm2. Bakelite RPCs perform very well at rates <1 kHz/cm2. The
present international RPC collaboration has established serious studies of aging eects,
rate capability in the Gamma Irradiation Facility at CERN [24]. It has been clearly shown
that RPC performance and degradation are determined by complex interactions among
the operating conditions and the materials of the RPCs, in which the current, integrated
charge, humidity, production of hydrouoric acid, etc. aect the linseed oil, graphite
coating, and the bakelite itself, in complex ways that result in degraded performance,
increased dark current, reduced eciency and increased resistivity at jj > 1:6. The
presently vacant high eta region of CMS is good a opportunity to instrument it with a
detector technology which could sustain the environment and be suitable for operation
with the future LHC upgrades. The installation period for the high eta region is expected
to be during the Long Shut down second phase (LS2) which is foreseen for 2017-2018.
At this point the detectors have to be absolutely able to sustain the high luminosity
rates at the LHC upgrade, and also assure good working life for a minimum of 10 years
after the installation. The RE high  region presents hostile conditions with particle
uence of several 1000 Hz/cm2 for an LHC luminosity of 1034cm 2/s, which can go up to
several kHz/cm2 based on the upgrade LHC phases. Table. 5.1 shows the planned LHC
requirements for the dierent  regions in the CMS detector.
Over the last several years a large eort has been focused on the option of using
Micro-Pattern Gas Detectors (MPGD) for the high eta region in CMS. A dedicated R&D
program was launched in 2009 to study the feasibility of using MPGDs in the vacant
region between (1:6 < jj < 2:1) in the present RPC endcap system. MPGDs can provide
excellent spatial resolution of the order of 100m, time resolution better than 5ns, very
good overall detector eciency above 98%, and rate capability of 106 Hz/mm2 which is
absolutely sucient to handle the LHC requirements. In the case of the existing RPC
system, the large volume, the cost of the used gas mixture and the need to continually
removing impurities from the gas system, makes this very expensive and hard to maintain.
MPGDs can work with a non-ammable gas mixture which makes operation very simple
for a safety point of view. The foreseen gas mixture for the CMS high eta application is
Ar/CO2/CF4 which is similar to the CSC detector gas. MPGDs also show very stable
operation in time without being aected bu the environmental conditions like temperature
and humidity.
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5.4 Muon Detectors Proposed for the High- Upgrade during
LS2
The high eta part of CMS is shown in g. 5.6 where we have a picture of the YE1 endcap
part. The dark part of the endcap is the nose which is physically the region of interest to
install the new muon detector to cover the  region 1:6 < jj < 2:1. At the present moment
this zone is vacant and only CSC - ME1 is located there as the only muon detector. The
present thesis is focused on the option of using a GEM based detectors which can be
instrumented and installed in this zone. The proposal is for the installation of stations
called GE1/1 and GE2/1 as shown in g. 5.7. For the GE1/1 station the chambers will
be installed on the YE1 nose. For the GE2/1 station, which sits exactly on the backside
of the YE1 nose, there will be two sets of chambers; one long chamber and one shortened
chamber due to the neutron shielding in the 2:1 < jj < 2:4 region. Since there is room
for long chambers in z, the 2/1 station oers 4 measurement points from 1:6 < jj < 2:1
and two measurements points from 2:1 < jj < 2:4. The rst station GE1/1 is planned
to have 10 chambers while for the GE2/1, 20 chambers are proposed.
Figure 5.6: Photo of YE1 endcap and in particular the high eta nose part.
5.4.1 Muon System Redundancy and Extension up to  = 2:4
As it was mentioned in the chapters above the muon system is a powerful tool for recog-
nizing signatures of interesting particles over the very high background rate expected at
the LHC upgrades. By the start of LS2 we will have collected hundreds of fb 1 integrated
luminosity. Whether CMS has discovered something or not, the program will continue
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Figure 5.7: CATIA model of the CMS endcap structure for GE1/1 chambers (top) and GE2/1 Chambers
(bottom). For the GE1/1 station the chambers will be installed on the YE1 nose. For the GE2/1 station,
which sits exactly on the backside of YE1 nose, there will be two sets of chambers, long and short, due
to the neutron shielding that sits between 2:1 < jj < 2:4. Since there is room for long chambers in z the
2/1 station oers 4 measurements points between 1:6 < jj < 2:1 and two measurements points between
2:1 < jj < 2:4 [74].
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with the determination of the fundamental properties of the discovered particles and with
searches for rare processes and high mass new states, requiring even higher luminosity.
The forward muon upgrade will provide additional hit measurements in order to obtain
high eciency and higher muon momentum resolution for certain  regions. The foreseen
upgrade for CSC system will provide the muon acceptance and trigger level in the region
1:2 < jj < 1:6. The installation of new muon detectors as GE1/1 will provide nal
timing and redundancy for the corresponding CSC system. Upgrading the region 2:1 <
jj < 2:4 will improve more the trigger capability at high luminosity, where the present
big occupancy of some channels in these chambers results in an unacceptable number of
spurious tracks.
In CMS the high momentum resolution of muons is given by the very precise spatial
resolution of the tracker system. The CMS muon system starts to give serious contribution
in the high- region because of the reduced lever arm of muons in the tracker volume.
Fig. 5.9 shows the momentum resolution as a function of the muon momentum for the
reconstruction in the inner Tracker system and the Tracker and Muon system [26]. Muons
with pT >200 GeV/c improve their resolution thanks to the addition of the muon system
information. For this reason in the high  region is interesting to design a complementary
muon detectors in order to improve the overall redundancy and tracking capability. An
additional detector system with high spatial resolution will also improve the limited pT
resolution obtained in the muon sytem only, shown in the same gure, for the benet of
the level two trigger (L2) reconstruction in the high level trigger selections.
5.5 Multiple Scattering
The spatial resolution lower limit dened by the electromagnetic processes that muons are
involved in during the passage through the CMS materials. It has been estimated from
simulation. Fig. 5.9 shows the results of this where the left graph indicates the dominant
role of the multiple scattering with respect to the magnetic eld and other electromagnetic
processes such as Bremsstrahlung. The results are pointing only to the rst station but
it is valid for all of them. The right plot is showing the displacement as function of the
pT in the dierent endcap stations. In the RE1/1 the RMS of the displacement of 1TeV
is 100 m, while it reaches 500 m for the fourth and last station.
5.6 Muon Track Reconstruction
The readout electrodes of the new proposed GE detectors are one dimensional strips.
For the study and simulations of the detector performance dierent width of the strips
i.e. dierent granularity were chosen, each one corresponding to a given GEM spatial
resolution. For the sake of simplicity, only resolutions corresponding to a number of
readout channels which are multiples of the standard 32 RPC strips reported in the
original CMS TDR are used. Thus from 1, corresponding to 1 cm and a nominal point
resolution of 3-4 mm, to 128 corresponding to a nominal resolution of 25 m.
Fig. 5.11 is shows a single muon spatial resolution in the YE1 Ring1. The strip width
dominates the resolution down to widths of a factor 8 times more narrow than the TDR
ones [29]. From a factor of 16 upwards (where the GEM space resolution is foreseen to
be =200 m) the distribution has a Gaussian shape. Muon track pattern recognition
in CMS has been used to estimate the transverse momentum resolution. Hits from the
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Figure 5.8: Muon momentum resolution as a function of momentum for barrel (a), overlap (b), and
endcap (c) regions using the muon system only (blue), the inner tracking only (green) and both system
together (red).
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Figure 5.9: The RMS of the distribution of the displacement as a function of the muon pT due to
electromagnetic processes. On the left the results obtained in the rst station are shown for nominal
magnetic eld (no magnetic eld) for all e.m. processes in full circles (upward triangles) and for multiple
scattering only in downward triangles (full squares). The right plot describes the values for the dierent
stations.
Figure 5.10: Muon hit residual distribution for increasing number of readout channels. The residuals are
computed extrapolating the muon track to the detector surface placed in the rst ring of the rst endcap
disk. The displacement is obtained as the dierence of the azimuthal angle times the radial distance of
the extrapolated point [74].
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foreseen RPC system are added in the nal t of the muon track. The impact of the
GEM detector is derived by substituting the rst station or the two rst stations with
higher resolution GEM. Fig. 5.12 shows the resulting momentum resolution. The relative
resolution of the global muon algorithm is shown on the top. The right plot shows the
resolution as it is from the RMS of the transverse momentum distributions. Large values
are due to the tails induced by the Bremsstrahlung. The left plot shows the variance
of a Gaussian distribution tted to the core of the distributions. On the bottom the
same plot is shown for a dedicated algorithm tailored to TeV muons that alleviates the
eect of the Bremsstrahlung. The overall resolution improves, especially those computed
from the RMS as expected. This study shows that the muon system has still margins of
improvement in the performance of the muon reconstructions.
Figure 5.11: Momentum resolution of 0.2, 0.5, 1 and 2 TeV muons as a function of the GEM resolution
factor. GEMs with resolution factor 1 behave like RPCs. For increasing factor the point resolution
decreases inversely proportional. On the top muons are reconstructed with the Global Muon algorithm,
while on the bottom they are reconstructed with a dedicated algorithm aimed to clean up muon detection
layers aected by Bremsstrahlung. The r.m.s. of the momentum distributions are used to derive the
resolutions shown on the two right plots, while the results described in the two left plots are obtained
by using the variance of Gaussians tted in the core of the distributions. The straight continuous lines
are the resolution of the Tracker and CSC Muon systems. The dashed lines are the results obtained by
adding on the rst station a layer of GEMs and RPC on the other three stations. The dotted lines are
the performances measured when GEMs are used in the two inner stations and RPC are used in the two
outer stations [74]
Based on the good spatial resolution the GEM technology detector can be used also
as a tracking devise which allows the muon pattern reconstruction, also in a partial or
even total absence, of the CSC allowing direct measurement of the tracking performance
using two independent muon systems. Fig. 5.12 shows the preliminary results where the
momentum resolution distribution is given for a dierent muon system congurations. The
63
5.7. CONCLUSIONS
full curve represents the transverse momentum resolution for the Global Muon algorithm
where, together with the tracker, the CSC system and the foreseen RPC stations. The role
of the RPCs on this aspect is rather marginal, the similar resolution results is obtained by
using Tracker and CSC as it is shown by the dotted histogram. The tracker and the RPCs
only results are described by the dashes curve and is given by the Tracker resolution. The
point-dashed histogram represents the case where the rst high eta station is instrumented
with layer of triple GEM detector with a spatial resolution maximum of 50 m and the
pattern recognition is performed by using just the Tracker, the GEM layer and the other
three RPC stations.
Figure 5.12: Muon transverse momentum resolution for dierent Muon system conguration. The full
curve represents the standard global muon algorithm used with Tracker, CSC and RPC. The dashed curve
is the result of the t performed using Tracker and RPC. The resolution distribution for Tracker and CSC
is given by the dashed curve. Finally the impact of the rst GEM station with Tracker, CSC and the 3
outer RPC stations is visible in the point-dashed curve [74].
5.7 Conclusions
As conclusions we can underline the clear improvement of the muon system redundancy
and L1 trigger with the additional RE4 RPC chambers. Based on the operation con-
ditions listed in table 5.1, the high- region (1:6 < jj < 2:1) cannot be instrumented
with the present RPC technology. The high rate which is inspected to be in this zone
requires a suitable detector technology which can be operational in this environmental
conditions. The proposed GEM based detector meets all the requirements and is feasible
to be installed in the high- region (1:6 < jj < 2:1) region of CMS. The study and the
developments of this type of detector technology is described in the next chapter.
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Chapter 6
Introduction to Micro Pattern
Gaseous Detectors
In this chapter are described in details the MPGD and in a particular the GEM
detectors with dierent technologies. It starts with the interaction between particles
and matter, showing the main principles. After that is shown the case of the MPGD
and the GEM principle with all important parameters which are playing relevant role to
the detector characteristics. It ends with the dierent production technologies and an
overview of dierent applications for this type of detectors.
6.1 Interactions Between Charged Particles and Matter
When a charged particle passing trough a volume "medium" with gas or solid matter
it can interact with it using three dierent forces - Strong, Weak and Electromagnetic.
The electromagnetic interaction is much more possible and it happens more frequently
because of the its cross section which is order of magnitude bigger then the other types
of interactions. The weak interaction plays a role mostly of the detecting of extremely
elusive particles such as neutrinos. The strong interaction is shown practically only with
the neutron detection. It refers to a nuclear reactions producing charged particles from
the incoming neutron. The Coulomb interactions between the particles and matter leads
to two very important phenomena: the excitations and the ionization of the atoms of
the medium. Ionization is when we have produced pair of positive ion and electron and
the excitation is when we have produced an atom of higher energy status. Excitation
can also liberate electrons from the de-exciting processes. All these extracted electrons
are named as "primary ionization electrons". When an external electric led is present
these electrons can have additional energy and can create further ionization and produce
the so coled secondary delta electrons. The charge particle usually release the energy all
across its pass inside the medium and creates clusters of ion/electrons. There are other
electromagnetic processes such as Bremsstrahlung, Cerenkov and transition radiation but
they are negligible in the gas detectors and can be ignored.
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6.1.1 The Bethe-Bloch Formula
The electromagnetic energy loss of heavy particles such as (m >> me). Following the
Bethe-Bloch [36], the average energy loss dE per lenght dx is given by.
  dE
dx
=
4e4z2
m0v2
NZ

ln
2m0v
2
I
  ln(1  2)  2

; (6.1)
Equation (6.1) is the bethe-bloch formula
Where v and ze represents the velocity and the charge of the incoming particle. N
and Z represents the atomic density and the atomic number of the medium, m0 is the rest
electron mass and e is the unitary electron charge.I stands for the average excitation and
ionization potential of the absorber and it is normally used as an experimental determined
parameter for each element. This average value can be explain as
I  I0Z0:9; (6.2)
where I0  12eV .
Equation (6.1) is valid in general for dierent types of charged particles, assuming
that their velocity is higher then the velocity of the orbital electrons of the absorbing
atom of the medium. Important parameter of the Bethe-Bloch formula is the minimum
( 2MeV g 1cm 2 at value of   0:95). The mean energy lost per unit of path length per
unit of density of absorber is well described by the Bethe-Bloch equation. The stopping
factor is plotted usually as a function of (= p=Mc) as in gure 6.1, where the minimum
is around  = 3:5. Paricles with this velocity are coled "Minimum Ioniziing Particles"
(MIPs).
6.2 Primary and Secondary Ionization
The electrons liberated by interactions of the fast particle with the gas molecules consti-
tute the primary ionization. Further ionization is caused by collisions of primary electrons
with molecules and by various modes of relaxation of primary excitations; this is called
secondary ionization. One important de-excitation mechanism leading to ionization is the
Penning transfer, which occurs when one component of the gas mixture has an excitation
energy greater than the ionization potential of another component. Excited molecules
from the rst component can then ionize the other component, with a probability that
depends on the temperature and density g. 6.2
6.3 Drift and Diusion
The charge from the primary and the secondary ionization drifts inside the electric eld
of few hundred up to few thousands V=cm. The ions are moving slowly to the cathode
wile the electrons are transfered quickly to the amplication region. The drift velocity
depends on the used gas mixture (medium) and the drift eld. It can be dened as the
ratio between the led and the pressure E=p. It is in the order of few cm=s for the
electrons and few cm=ms for the ions. The constant drift velocity is the superposition of
many elastic collisions with gas molecules, for which the dynamics are dierent between
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Figure 6.1: Energy loss of singly charged particles in argon gas, according to the Bethe equation (6.1)
Figure 6.2: Left (blue background): ionization in clusters along a track, as observed by a highly granular
time projection chamber (TPC) with an Ar=CO2(70   30%) gas mixture [37]. Right: 5.4 keV x-ray
conversions in an Ne/DME (dimethyl ether) 80/20% gas mixture. Measurements are from a GEMu pixel
detector [38]. The reconstruction is indicated, marking the conversion point (+) and the direction of
emission of the photoelectron
electrons and ions. The loss of kinetic energy in an elastic collision is proportional to the
mass ratio of the colliding particles, which for the electrons is  10 4 and for the ions
 1. Basically the ions are stopped at each collision while the electrons are scattered
isotropically. This makes bigger the diusion of the drifting electrons and the ions drift
nearly along the electric eld. The" diusion width" of an electron cloud drifting from a
point-like origin is dened as the RMS of its transverse lateral distribution. (6.3)
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x =
s
2DL
E
; (6.3)
where the L is the drift lenght, D is the diusion coecient and  is the electron
mobility.
When there is a magnetic led it inuence strongly to the drift and diusion. The
perpendicular magnetic led to the electric led, introduce the "Lorents angle" in the elec-
trons' drift. In case when the magnetic led is parallel to the electric led, the transverse
diusion of electrons is suppressed allowing a good spatial resolution. This diusion sup-
pression is a product of bending the transverse motion of the electrons, strongly reducing
their excursion. When the magnetic led is in parallel with the longitudinal component
of the velocity the perturbation is zero.
6.4 From MWPCs to MPGDs
6.4.1 Multi-Wire Proportional Chamber
Invented in1968 by G. Charpak, the Multi-Wire Proportional Chamber (MWPC) repre-
sents a revolution in the eld of particle detectors. For this invention G. Charpak was
awarded with Nobel Prize in Physics in 1992. Fig. 6.3 shows the general schema of
the MWPC. This detector is holding high rate capability and space resolution in order
of millimeter. In this time the MWPC quickly replaced the existing bubble and spark
chambers. By using a sucient readout electronics the MWPC was much faster then the
exciting technologies from this time. The MWPC consist in a set of thin parallel anode
wires, symmetrical placed in between two cathode planes. By applying a positive poten-
tial to the anode wires, being the cathode grounded, forming an electrical led in the gas
volume inclosed by the two cathodes. When a charge particle passing trough the detector
it release energy all along its pass inside the gas and creates clusters of ion/electrons. The
negative electrons drift towards the positive anode wires and the positive ions toward the
cathode planes were they are collected. The electrons are multiplied near to the anodes
because the electric led is very high in this region. Positive ions created during the
avalanche slowly drift towards to the cathode. When we have high rate particle ow this
ions cannot be fully absorbed from the cathode planes and then thay can be accumu-
lated in the gas volume. The presence of the large number of ions in the conversion gap
is modifying the detector led and the gain of the detector as well. The way to solve
the space charge eect is to reduce the path of the ions to the cathode. By deploying of
closely spaced cathode wires at ground potential between the anode wires can signicantly
improve the eect. Unfortunately is not very easy to do it physically because of such a
small distance (0.5mm) will provoke mechanical instability. After very long exploitation
in time, the MWPC we can observe an aging eect caused by the deposition of layer of
polymers around the anode wires.
Compared with the previous technology the MWPC can provide the information about
the position of the incoming particle by using only one detector. MWPC are still impor-
tant part of many particle physics detectors. The important disadvantages from MWPC
are their rate capability limitation due to the space charge eect and the ageing. The
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Figure 6.3: Schematic view of a MWPC and its equipotential lines.
MWPC rate capability is limited to a value of 104Hz=mm2 this is not facing the today's
needs of the modern high energy particle physics where the requirements are in order of
magnitudes higher.
6.4.2 Micro-Pattern Gaseous Detectors
The development of the Micro-Pattern Gaseous Detectors (MPGDs) starts from 1990 as
an idea to achieve a higher rate capability of the MWPCs.
Micro-Strip Gas Chambers
The rst development of MPGDs is the Micro-Strip Gas Chamber (MSGC) in 1988 in-
vented by A .Oed. This detector doesn't contain wires but is is composed by very narrowly
spaced conductive strips placed on insulator surface. The trips are alternatively supplied
with dierent voltages. In between the close strips a high electric led is generated nec-
essary to create the avalanches. This type of detector has very high spatial resolution
due to the fact that the strips have smaller distance in between compare to the MWPC
(around 100m) and by this way the spase charge eect is reduced , because ions have
been quickly collected by the nearest cathode strip. On g. 6.4 is shown a schematic view
of such a structure.
Unfortunately those detectors are not performing very well on long therm operations.
Imperfections inside the detector or unusually large deposit of energy can cause discharges
that can damage the strips or even produce short circuits in the detector.
MICROMEGAS
Dierent detector structure developed by I. Giomataris [41] is the micromesh gaseous
detector, or Micromegas. This detector has a paralel plate geometry with amplication
gap between a micromesh and the readout structure. The amplication gap in the Mi-
cromegas is very narrow, around 50-100m. Based on this the Micromegas provides fast
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Figure 6.4: Schematic view of a Microstrip Gas Chamber. [40]
signals and high rate capability. On g. 6.5. The micromesh is xed by spacer pillars in
order to obtain accurate spacing across the detector.
Figure 6.5: Microscope images of a Micromegas detector, mesh and pillar spacings are also indicated
On g. 6.6 is shown Micromegas detector with readout strips. A cathode is located in
front of the mesh in order to make the conversion region. The aplication gap is between
the mesh and the readout strips and it is overlapping with the induction gap.
Gas Electron Multiplier
The GEM is described in details in next section "The case for Micro-Pattern Detectors
(MPGDs)"
70
6.4. FROM MWPCS TO MPGDS
Figure 6.6: Schematics of a MicroMegas detector equipped with a strips readout.
Other MPGD technologies
Many other types of structures were developed and are currently used, which are often
derived from MSGC, GEM or Micromegas. The "well" [43] and the groove [44] detectors
are using the same etching technique like for the GEM foils with the readout structure in
the same plane as the amplication structure.
The "microhole and strip plate" [45] combines both the amplication principal of the
GEM foil and the microstrip g. 6.7a it has high gas gain and unequaled ion feedback
suppression.
Another GEM technology is the Thick GEM [46], g. 6.7b. It represents the same hole
type amplication structure but instead of the polyimide foil here is used a tick berglass
where the holes are mechanically drilled. The substrate is a standard PCB material.
These MPGDs structures are convinient for applications where the space and time res-
olution are not critical but it requires very high gain. ThickGEMs are very popular for
photodetector applications.
The "Micropin Array" [49] g. 6.7d is used for X-Rays imaging. The spherical geome-
try close to the end of each pin gives very narrow amplication region due to the rise of the
electric eld. The similar algorithm is used for developing the "Microdot Chamber" [50],
which have size of few m limited by the present microelectronics technologies.
The invention of the post-wafer technique makes possible to produce MPGDs with
pixel readout. These tipe of detectors are using bump bonding pads of a pixel chip as a
readout structure. The space and time resolution of this detectors is incomparable with
any other gas detectors. Both GEM and Micromegas where tested with CMOS pixel
readout. The detector that has the Micromegas type of amplication is called "InGrid"
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[51] g. 6.7e. In this device, the grid electrode and the insulating pillar structure support
are made directly on the chip by post-wafer processing techniques, allowing the grid
holes to be aligned with the readout pads. GEMs where tested also with combination
combination with TimePix chips and coupled to an ASIC with an hexagonal readout pad
structure. For thsi application the holes of the GEM foil has reduced pitch of 50m and
a thickness of 25m copmared with the standard GEMs g. 6.10
Figure 6.7: Dierent kinds of MPGDs.
6.5 The case for Micropattern Detectors (MPGDs)
The Micro-pattern Gaseous Detectors have very wide range of applications. Consider the
high eta upgrade of CMS two main type of detector technologies showing to be a good
candidate. They are relatively new technology which is able to work in very high rate
environment with a range of 10   100kHz=cm2 . Based on their principles of operation
we can divide them on two types.
- GEM Gas Electron Multiplier.
- MICROMEGAs
The GEM detectors are invented in 1998 [59] at CERN. It is based on thin composite
insulator foil of Kapton 1 which is used mostly for exible printed circuits and exible
electronics. Also it is used in the special aircraft and military applications because it is
lighter then the other insulators and has stable behavior wtih respect of the temperature.
Kapton is also radiation hard material.
The MICROMEGAs is gaseous detector made with metallic mesh using the exponen-
tially increasing Townsend Coecient in very high electric elds. The main dierence
between these 2 detector technologies is that the MICROMEGAs is using the readout
plane as part of the amplication stage which is not the case in the GEM detectors.
6.5.1 GEM Principles
The gaseous detectors are based on the principle of the ionization produced in the gas by
the charged particle. The number of electrons after this process is so small that it is not
1Kapton is a polymide lm developed by DuPont. Kapton remains stable in a very wide range of temperature
(1-673K). Kapton is used in, among other things, exible printed circuits and exible electronics. Kapton-insulated
wiring has been widely used in electrical wiring of civil and military aircraft because it is lighter than other insu-
lators and has good insulating and temperature char- acteristics. For these reasons Kapton was used extensively
in the Apollo program (NASA); space agencies still are adopting Kapton in several application such as the Space
Shuttle and the new sun- shield of the James Webb Space Telescope. The chemical name for Kapton K and HN
is poly(4,4'- oxydiphenylene-pyromellitimide). It is produced from the condensation of pyromellitic dianhydride
and 4,4'-oxydiphenylamine. Kapton synthesis is an example of the use of a dianhydride in step polymeriza- tion.
The intermediate polymer, known as a "poly(amic acid)," is soluble because of strong hydrogen bonds to the
polar solvents usually employed in the reaction. The ring closure is carried out at high temperatures (473-573K).
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possible to use them directly in order to detect the event. An amplication is needed.
The most simplest way to do this is to give to the electrons enough energy after the rst
ionization in order ionize again the gas molecules. This energy can be transmitted to the
electrons with high electric eld. In GEM based detector this is done with the GEM foil,
shown on g. 6.9. The high electric led is produced between the top and bottom layers of
copper. In between them we have the Kapton sheet as dielectric material. The GEM foil
has small holes all around the active area. From g. 6.8 we can see a microscopic image
of the holes, made by using photolitography processes. The holes dimensions are dened
from the photomasks used to expose the photo resist as the etching process technique
as well. More precise image of the gem foil structure is shown on g. 6.10 and g. 6.11
the foil shown is a standard one with thickness of 50m polyimide foil with 5m copper
cladding on both sides. The diameter of the holes is less than 100m and the pitch is
140m. Dierent thickness, hole dimensions and patterns can be realized according to the
specic application. In this foil the bidirectional wet etching process caused the double
conical shape of the holes.
Figure 6.8: Optical microscope image of the GEM foil.
Figure 6.9: GEM detector - foil.
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Figure 6.10: Electron microscope view of GEM detector foil.
The multiplication factor of the electrons that travel in the holes is dened by the
electric led inside. The real gain of the full GEM foil is is also depending on the trans-
parency2 These parameters are strongly depending of the led lines of the electric led
outside and inside the hole as it shown on g. 6.13. A V of few hundreds of Volts across
the 50m GEM foil produce very high eld inside the hole that can reach a lot of tenths
of kV=cm. On g 6.14 is shown the real gain of a GEM foil depends on the intensity of
the electric eld inside the hole and on the surrounding eld lines. The reduction of the
gain is due to the eect of capturing the electrons from the top copper layer of the GEM
foil when the external led is so high that the electrons are not focused in the hole. The
same is valid for the outgoing electrons from the bottom side of the foil when the external
led is not enough high they can be captured from the bottom instead of move them away.
The GEM foil characteristics can be used in all gaseous detectors where an electron
amplication is needed. The very based GEM detector can be made with only one GEM
foil, so called single GEM. For this we need sensitive volume (conversion gap) where
the rst ionization takes place, a GEM foil to make the amplication and readout plane
to register the electron cloud produced after the foil. If we use more then one GEM
in the gaseous detector is preferred because improves the performance of the detector
and reduce dramatically the discharge probability. The gain is shared between the foils
enhances indeed the reliability of operation at high gains and reduces the eect of the ion
feedback . The schematic view of triple GEM detector is shown on g. 6.15. It consist a
drift zone (conversion area), three GEM foils separated by two gaps forming the transfer
zones trough which the electrons has to pass before reaching the induction zone where
the signal will be registered form the readout plane of the detector.
As it was mentioned the advantage of using more then one GEM foil is the reduction
of the discharge probability. If only one foil is used, the multiplication factor requested to
each hole could be quite high. The high elds and the high local electron density inside
the hole could produce discharges too frequently. This can put the GEM foil in danger.
2ratio between ingoing and outgoing electrons in unitary gain condition.
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Figure 6.11: Cross section of the Double Mask GEM foil. Image made with electron microscope.
The discharge rate can be dramatically reduced when we are using more foils. In this way
we can share the total gain between the foils and each one of them can have low elds
and reducing the discharge probability. The other reported advantage of using multiple
GEM foils is the suppression of spurious signals generated by the ion-feedback currents.
In single GEM foil conguration the neutralization of the large amount of ions produced
during the multiplication in the holes will occur mainly on the drift cathode. For energy
balance this can be followed by secondary emission of another electron that will drift
toward to the GEM holes where it will be multiplied producing a delayed spurious signal
on the readout. The probability of this process is practically low, it is present only when
large quantity of ions are neutralized in the drift foil, which is the case when we are using
single GEM amplication. In the triple GEM g. 6.15 conguration, practically only the
ions produced in the rst GEM will reach the drift foil, while the others will be neutralized
in the bottom of the rst and second GEM. By this way the greatest part of the secondary
electrons will be multiplied by one or two GEM foils and their signal will be smaller with
respect of the primary electrons, multiplied by the three GEM foils.
6.5.2 Fast Gas Mixtures for the Triple-GEM Detector
The time resolution of a triple-GEM detector for incident charged particles depends on
two factors:
 t which is the resolution on the arrival time of primary clusters on the rst GEM
foi.l
 single electron sensitivity which is the probability of triggering on the signal corre-
sponding to one ionization electron.
t =
1
nVdrift
; (6.4)
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Figure 6.12: Simulation of the electric eld intensity inside one hole.
Figure 6.13: Simulation of an electrons multiplication in a GEM hole. The corresponding ions produced
are not shown.
where n is the number of clusters per unit length and Vdrift is the electron drift velocity.
Both therms are depending on the gas mixture choice. The occurrence of discharge is
actually the breakdown of the gas rigidity. In the gas detectors is correlated with the
transition from avalanche to streamer occurring when the size of the primary avalanche
is bigger then 107 ion-electron pairs, the so called Reather limit. In GEM detectors, due
to very small distance between the two sides of the GEM foil, streamer formation can be
easily followed by a discharge. This eect can be minimized by both adding a quencher
to the gas mixture, whose quantity and type are however limited by detector ageing, and
optimizing the detector conguration in order to benet from the diusion eect which
spreads the charge over more holes. The above mentioned requirements lead us to select
a gas mixture without ammable component for improving t and quenching properties,
Ar/CO2/CF4 45/15/40%.
Fig. 6.16 left shows the calculated resolution of the arrival time of primary clusters
on the rst GEM t as function of the electric eld. The calculations are made with
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Figure 6.14: Real gain of a GEM foil: external and internal eld eects.
Figure 6.15: A triple GEM conguration where the total gain is shared among three GEM foils. The
sensitive volume corresponds to the drift zone because the induced signal on the readout will depends
mainly on the number of primary electrons released by the charged particle in this zone. The primary
electrons produced in the other zones indeed induce a smaller signals because they are not submitted to all
the three amplication stages.
simulation software Magboltz and Heed [57] for the four gas mixtures as they are shown
in the gure. Fig. 6.16 right shows the eective gain measurnments for the same gas
mixtures as function of the U totGEM , which represents the potentials summary of the three
GEMs inside the detector. The gain behavior follow the Ar content of the gas mixtures.
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Figure 6.16: Left - calculated resolution on the arrival time of primary clusters on the rst GEM as
function of the electric eld for the four gas mixtures [56]. Right - Measured eective gain as function of
UtotGEM . [56]
6.6 Double and Single Mask GEM Technologies
The production of the GEM foils is based on photolitography method. It is the same
technology used for the production of Printed Circuit Boards (PCB). This is uses a light
to transfer a geometric pattern from a photomask to a light sensitive chemical component
- photoresist. After depositing the geometrical pattern a series of chemical treatments are
needed in order to make the necessary etching of the GEM foil. Based on the number of
photomasks used in the photolytography production process of GEM foils we can divide
the technology in two main parts. single and double mask.
6.6.1 Double Mask Technology
The double mask technology uses two photomasks, to project the geometrical pattern of
the holes on the photoresist 6.17. As rst step of this process the base material -l kapton
copperclad foil needs to be cleaned in order to remove all the external components as oil,
dust etc. Next step is to deposit the photoresist on the top and bottom surface of the foil.
The standard for creating the hole pattern is basically involving the accurate alignment of
the two masks. The mismatching tolerance between the top and the bottom mask must
be practically zero. This importance limits a lot the size of the GEM foils that can be
produced. Based on the statistic from the CERN GEM production workshop we can have
foils made by double mask method up to 30 by 30cm. Such a foils are used in dierent
experiments at CERN (COMPASS LHCb etc.). After producing the holes pattern on the
photoressit, the next steps are standard photolitographic processes, metal etching, kapton
etching, second masking for forming the hole periphery, metal etching and cleaning.
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Figure 6.17: Double mask tehcnology process. A-the GEM foil copperclad, B- Photomask for top and
bottom layer. Photoressist exposure, C-Metal etching, D-Kapton etching, E-second masking, D-metal
etching and cleaning
6.6.2 Single Mask Technology
To have homogeneous hole geometry across the foil, it is a must to keep the alignment
tolerance between the top and the bottom masks withing 5   10m. The base and the
mask are exible and it is alignment is extremely dicult to make it. The way to resolve
this trouble is to use only one mask to pattern only the top. g. 6.18 [52] By using only
one mask to pattern only the top copper layer no alignment needs to be done. The bottom
copper layer is etched after the polyimide, using the holes in the polyimide as mask. In
the Single mask technique the polyimide etching is very important because it denes the
homogeneity and the quality of the holes.
In the development of the single mask technique, many important parameters and
conditions of the polyimide etching have been understood. This process is done in a basic
solution of using a basic solution containing ethylene diamine and potassium hydroxide
(KOH). The potassium hydroxide has an isotropic etching characteristics - etching with
same speed in all directions. The ethylene diamine etches only down into the polyimide
(not sideways), but the diameter tapers o as etching proceeds, resulting in conical holes
wide on top and narrow at the bottom.
The isotropic etching result can be seen on g. 6.19 where the foil is made by Tech-
Etch 3 The holes are twice as wide as they are deep and the polyimide removed until
far under the electrode. KOH and ethylene diamine, the steepness of the holes can be
modied by controlling the composition of the liquid. The temperature must also be well
controlled: raising the temperature increases the etching rate of KOH more than that
of ethylene diamine. Furthermore, at temperatures exceeding 55C local delaminations
3Tech-Etch Inc., Aldrin Road, Plymouth, MA 02360 USA.
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Figure 6.18: Single Mask tehcnology process. A-the GEM foil copperclad, B- Photomask only for the
top side. Photoressist exposure, C-Metal etching, D-Kapton etching, E-second masking, D-metal etching
and cleaning
Figure 6.19: Le: cross-section view of isotropically etched polyimide holes (doublemask technique). The
etching extends under the copper electrodes, creating cavities with a circular cross-section, as shown in
the reconstruction drawing on the right. GEM foil made by Tech-Etch. The numbers indicate dimensions
in m.
between copper and polyimide have been observed, that give rise to irregular etching
patterns as the etching liquid ows into the openings created by delamination.
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Figure 6.20: Single Mask evolution
Figure 6.21: Top view, Cross Section view and bottom view of a conical single mask GEM.
6.7 MPGDs Applications
The micropattern gaseous detectors are holding strong position in the modern high energy
physics. They have been applied in many experiments and instruments in a dierent
elds like synchrotron and thermal neutron research, medical imaging and homeland
security, high energy and nuclear physics. Some of the MPGDs were specialy dedicated
for high rate applications. For instance Micromegas [53] and GEMs [54] in the COMPASS
experiment, LHCb [55] and TOTEM [58] experiments. It is also foreseen for the Large
Hadron Colider (LHC) upgrade phase - SuperLHC (SLHC), most of the experiments
foresee future using of MPGD detector technology. One example is the spark-resistant
bulk-micromegas chamber [42]. It is a new technology suitable for high rate applications
were the foreseen luminosity will be 1034cm 2s 1 . This detector is shown on g. 6.23.
It is the typical micromegas structure with using the resistive strips in order to eliminate
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Figure 6.22: Cross section view of an almost cylindrical single mask GEM.
the possibility of producing sparks in the amplication gap due to the high rate particle
ux.
Figure 6.23: Sketch of the detector principle, illustrating the resistive protection scheme; (left) view
along the strip direction, (right) side view, orthogonal to the strip direction.
As mentioned before, gem-like structures can be coated by a photoconverter (typically
CsI) to be used as a photon counter. In this way, large areas can be covered with hardly
any dead zones, and the technique is cheap. This makes it attractive for ring imaging
Cherenkov detectors, whose photodetector planes often span several square meters. Also
in this application, the ion feedback suppression is an added benet, as it increases the
lifetime of the photoconverter. In addition, the detector can be made hadron-blind by
reversing the drift eld, and even windowless if the Cherenkov radiator gas (in that case
typically CF4) is also used as the amplication gas [60]. X-rays imaging detectors also can
be based on the MPGD [61] mainly is used noble gases as Xenon or Krypton because of
their high conversion eciency. Microstrip and GEM detectors are used also as neutron
detectors [62]. A layer of B2O3 is evaporated on the GEM foils [67] which is actually
the neutron converter based on the reaction 10B + n !7 Li + . GEM detectors are
also deployed many other elds like medical applications and mostly medical imaging.
It is important that the GEMs are very sensitive detectors and the amount of necessary
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radiation is reduced. GEMs are also studied for using them as online monitoring and
verication devise for cancer radiation treatment.
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Chapter 7
Initial Studies with Small GEM
Prototypes
In this chapter we describe all the small prototypes build at CERN in order to develop
GEM technology suitable for the high- upgrade in CMS. Every small prototype represents
a step forward in technology leading to the design of the full size detector. The test results
of this chapter have driven the construction of the full-size detector with dimensions of
approximately 1 m2 active area.
My personal contribution to this part of the project is the instrumentation of the HV
connections as described in section 7.3.1, as well as the HV lter design and production
described in the same section. Furthermore, I developed the Timing DAQ and trigger for
the timing measurements performed in the lab and during the beam test periods. The
latter are described in section 7.3.2 and section A.2. I was fully involved in all constriction
and design steps of all small GEM prototypes described in this chapter as their test in the
lab at CERN. I was leading the beam test campaign in 2010 where we obtain the relevant
results regarding the time resolution of the triple GEM conguration detector, described
in section 7.3.3.
7.1 Small Prototypes
When this project started in 2010 at that time to produce a GEM foil with dimensions
bigger then 30x30cm was a dream. This was limited mostly due to used technologies of the
production and stretching of the GEM foils. It was clear that new technology is needed
to build large size MPGD detectors and specially dedicated program was established in
the RD51 and CMS framework at CERN to develop large size GEM detector. As a rst
step was necessary to verify the existing MPGD technologies and choose the best one
for the CMS high  region demands 5.1. Several small prototypes were build before
instrumenting the full size large detector.
 Micromegas prototype shown in section 7.2.1.
 Timing GEM shown in section 7.3.1.
 Honey comb GEM shown in section 7.3.4.
 Single Mask 10x10 cm GEM prototype shown in section 7.3.5
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 NS1 self stretched prototype shown in section 7.3.6
 NS2 30x30 cm2 self stretched prototype shown in section 7.3.7
7.2 Tests Performed with the Small Prototypes
The validation of each detector prototype is based on series of tests performed in the lab
and during the beam test campaign at CERN. In this subsection is given a description of
the test setup used for the prototype measurements.
X-ray Generator used in the lab for gain calibration and uniformity measurements.
All the lab measurements were performed inside the copper Faraday cage with dimensions
210x152x100 cm3, used to reduce the noise coming from outside and as safety protection
against the radiation level, provoked from the X-ray generator tube. Inside this cage
were tested prototypes with dimensions 10x10 cm2, 30x30 cm2, and the full size GE1/1
detector. Schematic view of the setup is shown in g. 7.1. where the X-ray generator
tube is mounted on mechanic support with the option to have precise excursion on X, Y
and Z as it is shown on the gure. The prototype under test is marked as DUT (Devise
Under Test) which stays xed on its supporting frame.
The X-ray generator is produced by ITAL Structures with a copper lament and 3K5
X-ray gun which energy of 8 keV. The HV power supply of the tube goes up to 20 kV
with maximum current of 20 mA.
Figure 7.1: X-ray set-up used for the gain calibration measurements
Fig. 7.2 show a photograph image of the X-ray setup inside the Cu Faraday cage.
All the elements are pointed in the picture. On the X-ray gun we have mounted a 2mm
collimator tube as it is shown in the gure.
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Figure 7.2: Photo of the X-ray setup showing all the elements
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The detector readout is organized as it is shown in g. 7.3. The readout Panasonic [66]
connector is made on such a way that all 128 input pins are connected together forming an
OR of all the strips. Very close to the detector is xed the ORTEC 1421H charge sensitive
preamplier marked on the gure as "A". This preamp provides standard 50 
 coaxial
output which allows to have long cable to the electronics rack were all other modules are
located. After the preamp. the signal goes to a linear amplier module ORTEC 450,
marked as "B" with minimum integration time of 250ns. The amplication coecient of
this module is set to 50 which makes the amplitude of the analog signal between 1-3 V. The
output goes to the Linear Fan-in-Fan-out module which keeps the impedance constantly
at 50 
. The signal is split in three lines. One goes to the monitoring oscilloscope shown
in the gure, the other one goes to the ADC module made by AMP-TEK it is MCA8000A
and third line goes to a amplitude over threshold discriminator LeCroy Mod.821 which
provides the digital NIM signal to the scaler counter from where the readings are taken
from the display.
Figure 7.3: Diagram of the readout electronics used with the X-ray measurements
Beam Test Setup
The beam test measurements were performed at H2, H4 and H8 beam lines at CERN in
bldg.887. These facilities allows to have a 450 GeV pion or muon beams. It also permits
the users to play with the beam geometry and adjust the beam size. In the case for our
measurements we used well focused beam. Fig. 7.4 shows the geometry and size of the
beam according to the CERN beam control tools.
The beam test was relevant for measuring the eciency, space and time resolution of
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Figure 7.4: Beam geometry and size used during the measurements
the prototypes. At H2 was also performed a magnet test with to measure the displacement
of the particles due to the B led. The obtained beam periods are listed as follows:
 June 2010, testing the Timing GEM and measure the time distribution.
 August 2010 testing the Honeycomb GEM and the single-mask 1010 cm2 triple-
GEM prototype.
 October 2010 testing the rst full-size GE1/1 Prototype1.
 June 2011 Testing the GE1/1 and Timing GEM in magnet eld at CMS H2 beam
area.
 August 2011 Testing the GE1/1 Prototype2
 October 2011 Testing the VFAT electronics, solving the cross-talk and noise issues
having before.
 June 2012 Testing the NS2 prototype in magnet led at CMS H2 beam area.
 August 2012 Testing the GE1/1 Prototype3.
During beam tests at CERN the main tool which was used was the RD51 GEM
telescope. The GEM telescope is composed of three identical tracking Triple GEM detec-
tors. These detectors were named Tracking1, Tracking2 and Tracking3. The telescope is
mounted on a table and mechanical supports allow movements in 3D.
The reference system of the telescope is dened to have the particle beam direction
along the z axis. The other two directions (x and y) are dened by the detectors' planes.
The chambers position in x and y is set in order to align the detectors active area with the
beam. The external trigger is given by the coincidence between the discriminated signals
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Figure 7.5: The RD51 telescope used for all the beam tests at H2, H4 and H8 beam lines at CERN
of three plastic organic scintillators (100 ps time resolution): two of them are mounted
in contact in front of the tracking GEMs; the last one is located on the other side of the
telescope at a distance of about 120 cm with respect to the other two. The active area of
the scintillator is 1010 cm2. The installed scintillator are visible on the photographs of
the telescope g. 7.6 7.7 Reference 2D image of the beam prole can be seen on g. 8.41,
taken form the tracker. It shows good alignment with the beam during the data-taking
runs.
Fig. 7.9, show the in details the 2D strip organization and the connections to the
VFAT front-end electronics A.1. Each side of the detector has 256 strips divided on 2
connectors, where each contains 128 channels. During tests due to non sucient quantity
of VFAT cards not all the 4 connectors were included in to the readout. In this case to
not have the strips oating a termination to ground was made.
The readout of the telescope and the DUT was performed with the VFAT electron-
ics A.1 by using the TURBO control board, where we have connected all the VFAT cards.
This board is controlling the VFAT chip and reads the data. As interface to the PC is
used the USB bus. Fig. 7.10 show a schematic diagram of the readout. The VFAT and
TURBO are providing information of where we have red channel in certain clock cycle.
The VFAT uses 25ns clock coming from the TURBO. The VFAT chip is binary which
provides the output information over a certain threshold. The VFAT and TURBO needs
external particle trigger which is made with the three scintillator counters mounted on
the RD51 telescope. They are shown in g. 7.10 as S1; S2&3. their discriminated signal
goes to a coincidence module which makes the common trigger signal for the data-taking
system. The TURBO board is providing also a programmable trigger signal coming from
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Figure 7.6: Photograph of the GEM telescope
- Right Side.
Figure 7.7: Photograph of the GEM telescope
- Left Side.
Figure 7.8: Beam image from the trackers
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Figure 7.9: Tracker GEM detectors - readout organization
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Figure 7.10: Beam test set up
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the VFAT marked as S bit in the gure. This signal is formed with combining certain
input channels of any of the VFAT chips in to a OR. It is a fast NIM signal which is
made on the front-end level and can provide direct information if at least one of the input
channels has been red. This signal is used for the time distribution measurements which
are made with the TDC module sown in the gure. As it is shown in g. 7.10 there are
actually two readout systems. One is the VFAT and the TURBO which provides the
tracking information and the other one is the Timing DAQ based on the TDC which
provides the time information. The time information is actually the distribution of the S
bitl as function of the trigger made with the three scintillator counters.
Figure 7.11: Timing DAQ schema.
Fig. 7.11 show the block diagram of the timing measurements made for the beam tests
and in the lab when we use cosmic trigger with the three scintillators. It can be explain as
follows: The analog signals from scintillators S1 and S2 are passing trough a signal over
threshold discriminators in order to digitize the signal to a NIM level with respect of the
discriminators threshold. After the discriminators we have adjustable delay lines which
sets the signal delay. Scintillator S3 is passing trough a constant fraction discriminator
in order to reduce the jitter of the rising edge of it's output NIM signal. By using such
a module we have stable in time coincidence. The coincidence module forms the output
signal only when all the scintillators are providing signal in the same time window, hence
we have a particle passed trough all the scintillators. The timing measurements are done
with a commercial TDC module V775 A.2.1 programed to work as common stop. For this
reason the trigger signal before going to the TDC gate is delayed with 200ns in order to
be present after the signals which goes to the TDC input channels. In the input channels
array of the TDC we have all the scintillators, the S bit from the VFAT and TURBO
and the non delayed coincidence signal. In this readout organization only the S bit signal
is coming from the DUT (Devise Under Test) which represents the value we want to
measure. All other are control signals used for validation of the data-taking run.
Fig. 7.12 show the distribution of the coincidence signal before the delay. where on
the X axis we have the time in [ns] and on the Y axis we have the number of counts. The
RMS of this signal is 377 ps which represents the accuracy of the timing DAQ.
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Figure 7.12: Distribution of the trigger signal. RMS is 300ps.
7.2.1 Micromegas Prototype
The very rst small detector prototype was based on the Micromegas technology with
dimensions of 10x10 cm2 shown in g. 7.13. On the right side of the detector are the two
SHV connectors for the HV supply of the drift and mesh electrodes. On the left side is
the 128 pins readout connector used to connect the strips. As it is shown in the gure the
gas volume of the detector is closed by using 32 stainless steal 3 mm screws surrounding
the periphery of the detector as it is shown in the gure. On the bottom left corner is
shown one of the gas inlets made of 3 mm inox tube.
Open view of the detector can be seen in g. 7.14, where the closing plate has been
removed. In the gure can be seen the aluminum frame used to dene the detector gas
volume with the top and bottom O-rings (only the top is shown) used to secure the gas
tightness. Inside of the detector volume is shown the mesh structure and the readout
strips. More visible zoom image of this is given in g. 7.15 where the mesh can be
seen as grid. The readout strips runs horizontally and they are placed behind the mesh.
Interesting element is the spacer shown in the gure which secures the distance between
strips and mesh.
This detector was made in the CERN PCB workshop with mesh foil pitch of 150 m.
This detector was tested for gas tightness in the lab and was powered with HV only.
Due to internal HV discharging between the mesh and the readout electrode it was never
set to operational.
94
7.2. TESTS PERFORMED WITH THE SMALL PROTOTYPES
Figure 7.13: 10 10 cm2 Micromegas
Figure 7.14: 10 10 cm2 Micromegas - Detector open
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Figure 7.15: 10 10 cm2 Micromegas - Microscopic view of the mesh electrode
7.3 Small GEM Prototypes
After abandoning the Micromegas, the GEM based detector, representing the next MPGD
technology suitable for the CMS high- region, was under study.
7.3.1 Timing GEM
The very rst GEM prototype was the "Timing GEM". The nickname timing stands for
the purpose for which the detector was made: to measure the time distribution of the
signal and to have the option to vary the internal gap conguration. This detector is
based on a double mask standard GEM with dimensions of 10 10 cm2. It was produced
in the CERN PCB workshop.
Fig. 7.16 shows the top views of the detector. On the top and the right side are placed
the SHV connectors used with the multichannel power supply (described in section 7.3.1).
In the center of the detector is placed the kapton window with thickness of 300 m, which
allows penetration of the radioactive source. The gas volume of the detector is closed
with 32 stainless steal screws placed around the periphery frame. The gas inlets can be
seen in top left and bottom right corner of the detector. The readout connector is placed
on the left side, close to the detector frame.
Mechanics
The detector was made on a 3 mm thick ber glass base. The GEM foils are stretched
using the thermo-stretch method and glued to the frame. The GEM frame is also made
of berglass PCB material with thickness of 2 mm. Fig. 7.17 show a sketch of the cross
section of the detector. The base is the readout plane with the strips. The pitch of the
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Figure 7.16: The Timing GEM
strips is 0.8 mm and they run in one direction. On the same base we have mounted 4
pylons made of Teon as can be seen in g. 7.18 where they are market as "A". The
pylons support the nylon spacers "G" which are needed to keep the distance between the
detector elements. Based on the spacers we can have dierent gap organization, between
the detector electrodes. For the studies we have used the gap listed in table 7.1. As
"B" shown the GEM foils, "C" is the GEM foils stretching frame, D is the outer detector
frame which is used to support the structure and to dene the gas volume. Here we have
the screws and the O-rings to keep the detector volume gas tight.
Figure 7.17: Timing GEM cross section sketch
All the HV connections to the GEM foils are done with the HV terminal "F". The
readout Panasonic [66] connector is connected to the readout strips "E" shown on the
gure.
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Figure 7.18: Timing GEM inside stricture of the detector. A - Teon pylons, B - GEM foil, C-
Stretching frame of the foils, D - Outer support frame, E - Readout strips, F - HV terminals for the GEM
foils connection
3/2/2/2 3/1/2/1
Drift - GEM1 3mm 3mm x1
GEM1 - GEM2 2mm 1mm x2
GEM2 - GEM3 2mm 2mm x3
GEM3 - Readout 2mm 1mm x4
Table 7.1: Gaps conguration used during the tests
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Resistor Value
R2, R5, R9, R13 1 M

R1, R3, R6, R10 10 M

R4, R7, R11 580 k

R8 5,6 M

R12 2,2 M

Table 7.2: Values of the resistors for the HV divider
Gas supply
The gas supply is provided through two gas inlets made from stainless steel. They
are mounted in the outer frame "D" , shown in g. 7.18 on the bottom left and top
right corner. The gas mixtures used for the timing GEM test, was Ar/CO2 70=30% and
Ar/CO2/CF4 45=15=40%.
HV Power Supply
To power all the elements of the detector we initially used a HV resistor divider shown on
g. 7.19. Based on the total current trough the divider chain we have a voltage drop on
every resistor which gives the potential needed to power the elements of the detector. The
elds inside the detector based on the HV divider shown in gure 7.19 can be calculated
based on the following:
For the drift Field ED [kV/cm]
ED =
IdivR2
x1
(7.1)
where Idiv is the divider current, x1 is the distance between the drift electrode and the
top of GEM1 as it is shown in table 7.1. This led plays important role for the drift
of primary electrons toward the rst GEM and eliminate the ions produced during the
ionization of the gas.
For the transfer leds ET [kV/cm]
ET1 =
IdivR4
x2
; ET2 =
IdivR9
x3
(7.2)
where the x2 is the distance between the bottom of GEM1 and the top of GEM2 and x3
is the gap between the bottom of GEM2 and the top of GEM3.(table 7.1)
For the induction eld EI [kV/cm]
EI =
IdivR13
x4
(7.3)
where x4 is the induction gap distance. All resistors values are shown in table 7.2.
To reduce the possible current provoked due to a discharges there are protection resistors
connected to the drift and top of the GEM foils. They are R1, R3, R6 and R10.
Fig. 7.20 show the physical connection between the HV divider 7.19 and the detector
electrodes.
All other resistors like (R4, R7||R8 and R11||R12) provide the potentials needed
for the GEM foils.
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Figure 7.19: HV divider schema used for the Timing GEM
100
7.3. SMALL GEM PROTOTYPES
Figure 7.20: Triple GEM detector, HV divider connections
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The used HV power supplies for this project are made on the principle of the DC
to DC conversion by using an internal push-pull oscillator. In this case the output DC
voltage always contains an AC component with non negligible amplitude which disturbs
the output signal from the GEM detector. For this reason a small HV RC lter was made
as it is shown in g. 7.25. It represents a symmetric RC LPF (Low Pass Filter) housed in
an aluminum box. The electric diagram of the lter is shown in g. 7.21. All the resistors
are with 100 k
 value and the capacitors are 2.2 nF at 6000V with ceramic dielectric.
Figure 7.21: Electric diagram of the HV lter
Usually during measurements we sue two lters connected in series to the HV divider.
Buy this way we have increased the total resistivity of the circuit with 600 k
 which needs
to be put in to account when we are applying the HV supply. Fig. 7.22 show the I/V
response of the divider plus two HV lters. It represent an calibration curve showing the
expected detector HV current consumption.
Having this lter on every HV line is limit dramatically the noise and improves the
stability of the output signal. The amplitude and phase response versus frequency is
shown in g. 7.23. The lter start attenuating signals with frequency higher then 1 kHz
as it is shown in the gure. Experimentally we found that it helps a lot when we use it
with dierent commercial HV supplies as well as when we use it with the multichannel
divider emulation supply.
During the test program it was necessary to change very frequently the values for all
the elds and GEM voltages. Using a xed resistor divider this can be a very dicult
task. For this reason we used special multichannel power supply made for the LHCb
GEM detectors which has seven channels as output and works with the same behavior
as the resistor divider. A scheme of the HV connection of this power supply is given in
g. 7.24. It is necessary to have a 10 M
 protection resistor between the power supply
channel and the detector HV terminal (R1, R2, R3, R4, R5, R6, R7). It is to reduce the
current which can be provoked due to discharges. This power supply is controlled trough
a LabView software where the values for the voltages and the elds are set.
When is used the multichannel power supply in order to make the powering of the
detector more understandable, all the values of the potentials across the detector elec-
trodes are normalized to the corresponding current trough the HV divider. Another way
to present the operational parameters of the detector is to give them as a function of the
detector gain instead of the HV divider current.
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Figure 7.22: Measured I/V response of the HV divider connected with 2 HV lters in series
7.3.2 Timing GEM Lab Tests
In order to validate the working capabilities of the prototype the rst step is to make
several tests in the lab and calibrate and measure the detector gain. This was done in
the RD51 lab at CERN, where all the facilities are available.
Leakage Current Measurements
The rst fundamental test is to measure the leakage current on each GEM foil in clean-
room conditions in order to avoid any dust contamination on the foils. The test is done
by connecting the two electrodes to a power supply and raising the voltage applied across
the foil from 50 to 500 V. If the leakage current is larger than 5 nA, the foil can not be
used. The reason is the presence of a short circuit or chemical pollution between the foil
electrodes. If the current is less then 5 nA then it could be used for the detector assembly.
Fig. 7.26 show the results of series of measurements of several double mask GEM foils
where all them respond well to the criteria of the leakage current and have been QC
validated for the detector assembly. In this HV QC step 10 to 20% of the foils have been
rejected due to high current provoked from mechanical defects and mostly due to chemical
depositions, left after the production process.
Gas Tightness Test
Next step when the prototype is assembled is to verify the gas tightness. To supply the
detector with gas was used the system shown in g. 7.27. This test is based on the
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Figure 7.23: Amplitude and phase response as function of frequency.
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Figure 7.24: Multichannel HV divider emulation power supply schema
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Figure 7.25: HV RC lter used to reduce the AC noise from the HV power supply
Figure 7.26: Leakage current measurement results
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comparison between the input gas ow-meter and the output one. They should be equal
if there is no gas leak in the detector volume.
Figure 7.27: Gas supply installation of the detector prototype
When the gas tightness is secure and checked we have to supply the prototype with
the working gas mixture and leave it owing. Before turning the prototype on, the gas
ow should be left for some time in order to substitute the air inside the detector volume,
with the working gas mixture. Using the common ow debit of 5 l/h for the timing gem
dimensions this can be 2-3 hours.
Rate Measurements - Plato Region
After the HV test of the foils and gas tightness verication of the assembled detector, the
next step is to turn it on and see the signal.
Finding the range of voltages at which the detector is fully ecient is an important
step in its characterization. For the rate measurements test was used the X-ray generator
described in section 7.2. The detector was xed 10 cm away from the X-ray tube. The
signal was sent, in sequence, to the charge preamplier, to the linear amplier, then to the
discriminator and the counter. To cut the noise, a threshold was set on the discriminator
by checking its level on the oscilloscope when X-rays were not ring at the chamber.
Usually this threshold is around 100mV . This allows to trigger only on signals created
by particles. A 2-mm diameter collimator was put on the X-rays gun.
Count measurements were taken for 30 s at dierent voltages applied on the detector
and then normalized to the rate of incoming particles.
Fig. 7.28 show well the results of the rate measurement as function of the applied
HV current through the divider. Clearly the plateau is well dened. Increasing the HV
supply of the detector we are increasing the current through the HV divider, respectively
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Figure 7.28: Timing GEM - Rate as function of the applied current trough the HV divider. The gas
mixture is Ar/CO2 70/30%
the elds on the detector electrodes, which increases the detector gain. When the HV
supply is low we are counting small amount of events because the detector is at low gain
which is bellow the discriminator threshold. Increasing the HV the number of counted
events rises but it cannot go above the number of particles provided from the X-ray
generator. Having such a plateau is good evident that the prototype is working well and
we can measure the gain.
Pulse Height Spectrum Measurements
The pulse height spectra were taken applying dierent voltages on the GEM detectors.
For the small prototypes, a layer of 68 m of Cu or 77 m of Ni absorber was put between
the X-rays gun and the chamber. The absorber reduced the X-rays ux by taking part of
it up, allowing a better shape of the spectrum (particles at lower energy are not able to
go across the absorber).
The signal passed through the charge preamplier and the shaper, then it was given
to an inverter and then to the MCA. The inverter was needed since the signal is made
of electrons - a negative pulse - while the MCA takes only positive signals. The MCA
data taking lasted 90 s and a threshold of 8 ADC channels was usually set to cut the
pedestal. On g. 7.29 is shown such a spectrum made with the X-ray generator. The
used gas mixture is the standard ArCO2 70-30% and the applied elds and voltages are
shown on table 7.3.
Measuring the Gain
The eective gain G is given by:
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Fileds and Voltages Values
EDrift 2:5kV=cm
ET1 3:8kV=cm
ET2 3:8kV=cm
EInduction 3:8kV=cm
VGEM1 410V
VGEM2 375V
VGEM3 330V
Table 7.3: Timing GEM power conguration
Figure 7.29: Timing GEM pulse height spectrum, when lled with Ar=CO2 (70/30) gas composition
and powered to its plateau voltage. The Power conguration of the detector is shown in table. 7.3
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Gas Ionization energy (eV)
Ar 26
CO2 33
CF4 54
Table 7.4: Ionization energies of the gases used in the gas mixture owing in GEM detectors. Values
are measured at T = 20oC and p = 760Torr. [69].
G =
ianode  t
e  Mp=  M(H;w=o) (7.4)
where ianode is the current collected from the read-out when high ux goes across the
detector (corresponding to high current set on the X-rays generator), and there is no
absorber in front of the detector; M(H;w=o) is the number of photons gathered with
the same settings; t is time during which M(H;w=o) is collected; e is the elementary
electric charge and Mp= is the number of primaries produced by an interacting photon
[68].
The term Mp= is computed using:
Mp= = E

%(Ar )
!Ar
+
%(CO2)
!CO2
+
%(CF4)
!CF4

(7.5)
where E is the photon energy, which depend on the material used in the X-rays
generator, % (Ar; CO2; CF4) are the percentages of dierent gases in the mixture, while
!Ar;CO2; CF4 are the corresponding ionization energies, taken from literature, (values are
listed in table 7.4) [69].
Figure 7.30: Timing GEM - gain calibration for the two gas mixtures Ar/CO2 70/30% and
Ar/CO2/CF4 45/15/40%
The gain calibration curves of the timing GEM for the two gas mixtures Ar/CO2 70/30%
and Ar/CO2/CF4 45/15/40% are shown in g. 7.30. The maximum achieved gain is in
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the more then 104 which represents the good eciency of our detector. We can see a clear
eect of the CF4 gas added in the composition. Based on this test we can conclude that
our detector operates well.
Figure 7.31: Timing GEM - Current from the readout as function of time for the two gas mixtures
Ar/CO2 70/30% and Ar/CO2/CF4 45/15/40%
When the triple GEM detector operates at high gain it means that we have applied
maximum potentials to the prototype electrodes. This can be danger for the detector
because we are increasing the risk of discharges. In order to see how our detector is
working at maximum gain as function of time was done the gain stability test. The test
is done by reading the readout current from the anode with sensitive picoamper-meter
when the detector is at high gain. The mesurnments are done for a period of more then
3000 s. Fig. 7.31 show the results of this test for the two gas mixtures Ar/CO2 70/30%
and Ar/CO2/CF4 45/15/40%. The value of the current from the anode is in the order of
1-2 nA. The important parameter is the stability of the current in time. As it is shown
in the gure for a period of minimum 3000 s we don't have deviation of the slopes which
proves the stable work of the detector. If there are discharges during this measurements
they can be sees as big spikes in the graph.
Timing Distribution Measurements with Cosmic Rays
For the time distribution measurements is used the timing DAQ described in section 7.2
and the RD51 tracker table described in the same section. The table is turned to a vertical
position where as trigger are used the three scintillator counters.
A typical time distribution result is shown in g. 7.32 where we collected 2181 events.The
RMS is 11.71 ns which is expected value when we are using the Ar/CO2 70/30% gas mix-
ture and gap conguration of 3/2/2/2mm. Because of the very small active area of the
detector and trigger and also the distance between S1 and S2,S3 we have very low trigger
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rate like almost 1 event per 5 minutes. This makes very complicated to record high statis-
tics runs and that's way all the relevant measurements are done during the test beam
periods at CERN at SPS H2 and H4 lines where the trigger rate is in order of magnitudes
higher.
Figure 7.32: Distribution of the GEM signal. VGEM1 = 415 V, VGEM2 = 380 V, VGEM3 = 335 V,
EDrift = 3.0 kV/cm, ET1 = 3.5 kV/cm, EInduction = 3.0 kV/cm, VFAT threshold = -50 A.1, gas mixure
is Ar/CO2 70/30% and GEM gap conguration 3/2/2/2mm (from table 7.1)
7.3.3 Time Distribution and Measurements during Beam Test Periods
The timing GEM was tested in CERN H2 and H4 test beam lines with 150GeV muon and
pion beams. It was mounted to the RD51 GEM tracker consisting three standard GEM
detectors with dimensions 10x10 cm with two directional readout with 256 strips on X
axis and 256 strips on Y with pitch of 0.4mm (sown in section 7.2). The tracker GEMs
were always running with standard gas mixture Ar/CO2 70/30% and were operated with
their maximum gain in order of 104 and space resolution in order of 50m. [70]. The
space resolution of the timing gem is limited of the strip pitch of the detector which is
0.8mm and has one directional readout It is about 270m measured and it is close to the
expected theoretical value.
231m =
0:8mmp
12
(7.6)
The measured eciency of the timing detector can be given as two values.
 EffSC which is the eciency calculated based on the Scintillator Counters (SC)
coincidence.
 Efftracking represents the tracking eciency described further in the text.
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The EffSC is given as the ratio of the number of the events counted by the prototype
and number of the triggers counted by the scintillators. In section 7.2 is given in details
the readout systems used for data-taking. The EffSC is giving fast online estimation of
our prototype eciency which can be used as fast input of our detector performance.
EffSC =
Nprototype
Ntriggers
(7.7)
where Nprototype is the number of counts from the timing GEM and Ntriggers is the number
of events from the trigger coincidence.
The advantage of having the tracker GEMs in the test beam is the fact that we can
compute the exact eciency of our prototype. Fig. 7.33 shows a sketch of the tracking
reconstruction idea, where for every event we are calculating the exact particle path. For
this we are using the 2D information coming from the tracking GEMs Tr1, Tr2 and Tr3
shown in the gure. Before calculating the tracking eciency there are two main steps
which has to be done in advance.
 As rst step we have to dene the number of good tracksNtracks using the information
from the tracking GEMs.
 Second step is to dene how many of the good tracks has been registered by our
detector Prototype. We can call this number NProtoTracks.
Having all this information we can calculate the tracking eciency Efftracking as:
Efftracking =
NProtoTracks
Ntracks
(7.8)
Figure 7.33: Sketch of the tracking reconstruction needed for the tracking eciency calculations.
The information about the tracks comes for the VFAT and TURBO electronics readout
described in section (section 7.2). The tracking eciency represent more accurate oine
computing of the prototype eciency. Many times where our detector performs well we
can reach values very close to 100%. Because of its complicated power supply conguration
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the eciency of the timing GEM is given as a function of the gain of the detector as it
is shown in g. 7.34, where is given a tracking eciency scan with dierent gas mixtures
and dierent gaps congurations. As our goal was to obtain the best time resolution we
choose to use gas mixture Ar/CO2/CF4 45/15/40% and gaps 3/1/2/1mm which is the
green line of the graphic. The measured eciency with this conguration was more then
98% at the plateau. It is an evident proving the good operation of the prototype.
Figure 7.34: Timing GEM Eciency as function of the detector gain.
Other important test is the measurement of the average cluster size, which is the
number of neighbor strips red at the same time, of the timing GEM. This is done with
HV scan of the detector and measuring for every HV point the average cluster size. The
results are shown in g. 7.35. There we have three curves for dierent gas mixtures
and gaps conguration. Based on this test we can conluded that the average cluster
size for at maximum eciency with the gaps conguration 3/1/2/1/ and gas mixture of
Ar/CO2/CF4 45/15/40% is close to 2.5.
The time distribution measurements were taken with the same DAQ and trigger or-
ganization as it in the lab with cosmic rays. The dierence was that during beam tests it
was possible to record very high statistics runs in short time with very good signal to noise
ratio. Results of the timing measurement scan are shown in g. 7.36 where the RMS of
the time distribution is given as function of the normalized HV divider current. The used
multichannel HV power supply is described in section 7.3.1 and the normalized elds
and voltages are shown on table 7.5. The scan is performed for two gaps conguration
of 3/2/2/2 mm and 3/1/2/1 mm as it is shown in the gure. The used gas mixture was
Ar/CO2/CF4 45/15/40%. The HV points of the scan are shown in table 7.5 where the
working point 6 (WP6) is represents the highest divider current and gain.
in the gure we see the clear eect of the time distribution when the gaps conguration
has been changed to 3/1/2/1mm. With this conguration our prototype is faster.
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Figure 7.35: The average cluster size of the timing GEM as function of gain with dierent gas mixtures.
Measuring the time distribution of the Timing GEM was necessary to perform EI and
Ed scans. They were done as follows.
 EI scan was done by setting up the VGEM1, VGEM2, VGEM3, ET1 and ET2 to the
values form WP6 shown in table 7.5 the Ed was set to 3 kV/cm. Then was performed
and HV scan for EI starting from 1 to 5 kV/cm with steps of 500 V/cm. The results
are shown in g. 7.37.
 Ed scan was done setting up again the VGEM1, VGEM2, VGEM3, ET1 and ET2 to the
values from WP6 shown in table 7.5. The EI was set to 5 kV/cm based on the
obtained results from g. 7.37. The scan for Ed was performed form 1 to 3.5 kV/cm
with steps of 500 V/cm. This was the limit of the power supply (see section 7.3.1).
The results are shown in g. 7.38.
Results shown in g. 7.37 represents an expected behavior of the detector time dis-
tribution. The EI led plays role of focusing the electrons coming from the bottom og
GEM3 to the readout strips. When this led has higher values like 5 kV/cm this elec-
tron's "cloud" is well concentrated into small readout area and we can achieve good time
resolution of our triple-GEM detector. Of course we cannot increase the value of EI more
then 5 kV/cm because we are risking to damage the detector. The best results in the
gure are shown as green line and they are representing data taken with gas mixture of
Ar/CO2/CF4 45/15/40% and gap conguration of 3/1/2/1 mm.
Fig. 7.38 shows the results from the Ed scan with EI xed at 5 kv/cm. As it was
mentioned in previous chapter the drift gap is the zone that we have the main ioniza-
tion produced when the charge particle passes trough. As a product of this ionization
we have ions which are heavy and slow compare with the electrons as we call them pri-
maries. Both electrons and ions are attracted from the drift led. The positive ions start
116
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Figure 7.36: Time measurements results during the beam test in June 2010. RMS of the time distribution
as function of the Idiv.
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Figure 7.37: RMS of the time distribution as function of EI with xed Ed = 3.0kV/cm.
Figure 7.38: RMS of the time distribution as function of Ed with xed EI = 5.0kV/cm.
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driting toward the negative Drift electrode were they are going to be annihilated. The
negative charged electrons are attracted from the top side of the GEM1 where they will
be further amplied. When the drift eld has low values <1 kV/cm the electron and
ion drifting has not so dened trajectory due to the low electric led. When we have
values >3.5 kV/cm the led becomes stronger and the drift of the ions and electrons is
more focused. Fig. 7.38 represents the best results measured for the triple-GEM detec-
tor conguration. The green line in the gure shows the measurements made with gas
conguration Ar/CO2/CF4 45/15/40% and gaps 3/1/2/1 mm. As it is seen from the
gure the time resolution becomes less then 5 ns at drift eld Ed = 3.5 kV/cm. This was
the maximum value which the power supply can provide. Of course we cannot go higher
3.5 kV/cm also of the risk that we can damage the detector.
The obtained time resolution of less then 5 ns and stable operation performance with-
out having single discharge was a big step for the future detector design for the CMS high
 region.
7.3.4 Honeycomb GEM
For the CMS application as it was mentioned before 5.3 the future detector prototype
should have about 0.5 m2 active area. Immediately it raises the question how mechani-
cally we can maintain the equal distances across the detector elements for such an area.
Stretching the foils and gluing them on frames is a delicate process which can be very
complicated for large surface applications. In this subsection is described an attempt to
use a dielectric honeycomb structure as a spacer between the dierent elements of the
detector in order to avoid the GEM stretching. As base for the honeycomb GEM detector
we use well known 10x10cm CERN double mask GEM foils and between the elements
we have inserted the hexagonal honeycomb structure. In g. 7.40 shown a picture of this
detector, where we can see the structure. The cells of the honeycomb structure have 6mm
distance between the walls as it is shown in g. 7.39, they are covering fully the active
area. The detector was powered with the standard HV divider 7.3.1 and has gap congu-
ration of 3/2/2/2mm. The goal of this attempt is to verify the detector performance and
specically the eciency drop provoked by the honeycomb cells.
Figure 7.39: The hexagonal honeycomb structure.
In order to see the behavior of the GEM detector with the honeycomb structure
inserted we performed a series of measurements with the Cu X-ray generator in the RD51
Lab. A rst estimate of the behavior was to make a rate scan as function of the X-
and Y-position of the X-ray gun. For this test we use the setup described in details in
section 7.2. By using charge sensitive preamplier and linear amplier it is possible to
have a strong amplitude in the order of 1-2V of GEM detector signal. In order to count
the rate from the X-ray generator the signal after the linear amplier has to go through a
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Figure 7.40: Using honeycomb cells structure as spacer between the GEM foils.
discriminator module in order to convert it to a standard NIM level signal with respect of
the discriminator threshold. After this the signal goes to the scaler module Lecroy N145,
where the read of the rate is taken from the display.
Fig. 7.41 show the result of the rate scan measurements versus X and Y position
made with discriminator threshold of 254mV and X-ray gun excursion of 12mm, which
should be two times the honeycomb cells (g. 7.39). From the result clearly is shown the
rate drop provoked from the honeycomb cell on the X-axis. For Y-axis the eect is less
visible because of misalignment of the X-ray gun with the honeycomb cell. When the
detector is closed we cannot see exactly the positions of the cells. These results where
very signicant evidence that we should expect during the beam test an eciency drop
in the regions where the honeycomb cells are.
During the June beam test at CERN in 2010 the same 10x10cm honeycomb GEM
detector was used in the RD51 tracker telescope and using 150GeV muon beam was
measured the following results shown on g. 7.43.
It represents the eciency drop due to the honeycomb walls. As reference for this
eciency calculation was taken the two dimensional information provided from the three
tracker GEMs. The eciency drop around honeycomb walls is in the order of 20%.
7.3.5 Single-Mask 10x10cm GEM Prototype
The actual problem facing us when we build large-size GEM foils is the technology to
fabricate them. Double mask foils are limited up to 3030 cm2 and the only option is to
go to single mask method, described in section 6.6. In order to verify the single mask
technology a small 1010 cm2 prototype was produced, based on this method. Fig. 7.44
show the cross section image of sample taken from the same single-mask GEM foils used
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Figure 7.41: Rate scan as function of the X-ray gun position. The measurements where taken with
Ar/CO2 70/30% Discriminator Threshold is xed to -254mV and the GEM HV supply is 4500V
Figure 7.42: Muography of the honeycomb structure, image taken during beam test in June 2010. Image
taken as function of the eciency represented by the color
121
7.3. SMALL GEM PROTOTYPES
Figure 7.43: Clusters on X and Y position of the detector - Result from the beam test in June 2010.
for the tests. It represents the reality of the product based on this method. The holes
have diameter on the top side around 73-75 m and the bottom, between 65-68 m. The
dierence between top and bottom side can be seen also in g. 7.45, where is shown a
microscopic view ot the top and bottom side of the foil. This foil was made in 2010 when
the single-mask technology was running it rst steps. Being the only option of building
large-size GEM foils we made an attempt to test this foils and see how the detector
performs. For the test we called the the largest side of the holes "open".
The single mask single GEM prototype was assembled with gap conguration 3/2mm
i.e. Drift=3mm and Induction=2mm. Drawing of this is shown in g. 7.46. This detector
prototype was the rst one build with single mask GEM foils and having the geometrical
dierence between the top and the bottom side we decide to test the prototype with tho
congurations
 Open top - The larger side of the holes is facing the drift.
 Open bottom - The larger side of the holes is facing the readout.
We made a pulse hight spectrum of the Cu X-ray with both congurations. Fig. 7.47
show the result when the detector was made with open bottom. The larger side of the holes
was facing the readout electrode. The spectrum looks nice even with the low amplication
due to the one stage detector.
Fig. 7.48 show the pulse hight spectrum of the Cu X-ray when the detector was
made with open top conguration. For both of the test the used gas mixture was
Ar/CO2 70/30%. with same potentials on the GEM foil 480V as it is shown in the
gures. The conclusion is that there is a inuence in the gain of the detector due to the
holes geometry.
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Figure 7.44: Single Mask GEM foil - cross section image
Figure 7.45: Single Mask GEM foil - microscopic view of the top and the bottom side of the foil
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Figure 7.46: Single-mask single GEM prototype cross section drawing
Figure 7.47: Single Mask single GEM detector. Spectrum of the Cu X-ray source. The gas Mixture is
Ar/CO2 70/30%
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We continue the test with gain calibration measurement for the two congurations.
Fig. 7.49 show the gain calibration curve with gas mixture Ar/CO2 70/30%. On X-axis
we have the voltages on the GEM foil. From the picture we can see the real dierence in
the gain. Obviously when the larger side of the holes is facing the readout we have higher
gain.
This tests where done in 2010 when the single mask production process was just in
the begging. Now-days the geometry of the holes are almost similar to the bi-conical
structure and the dierence between top and bottom side foil is negligible.
Figure 7.48: Single Mask single GEM detector. Spectrum of the Cu X-ray source. The gas Mixture is
Ar/CO2 70/30%
Fig. 7.50 show the same gain calibration of the detector with open bottom conguration
and using dierent fractions of the Ar/CO2 gas mixture. This test was done in order to
verify the behavior of the detector with dierent fractions of CO2 gas. It works as it was
expected lower gain with higher amount of CO2.
The stability of the gain is shown in g. 7.51 again for the same fraction of Ar/CO2.
It represents stable curves for maximum time of 4000 s. The maximum achieved gain
values for the dierent Ar/CO2 fractions is listed in table 7.6, where "concentration"
column show the fractions of the gas, the" Plateau Voltage" column represents the GEM
voltage when we reach the plateau during the rate measurement, "maximum gain" show
at what voltage of the foil we reach the highest value of the gain and gain stability show
the deviation of the gain value during 4000 s.
After the tests in the lab with single mask single GEM prototype. In the same detector
volume we added two more single mask GEM foils and made triple GEM detector with
gap conguration 3/2/2/2mm. It was made particularly for the beam test campaign in
June 2010 in order to compare the technologies.. It was used the same beam test setup
shown in section 7.2 where as DUT was inserted the single mask 1010 cm2 triple GEM
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Figure 7.49: Single Mask single GEM detector. Gain calibration with Ar/CO2 70/30%
Figure 7.50: Single Mask single GEM detector. Gain calibration with dierent Ar/CO2 fractions
50/50%, 70/30%, 80/20%, 90/10%
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Figure 7.51: Current stability curves of a single-mask single GEM detector lled with dierent Ar/CO2
fractions 50/50%, 70/30%, 80/20%, 90/10%
Ar=CO2 (%) Plateau voltage [V] Maximum gain Gain stability (%/h)
50/50 600 1355 (V = 640V ) 0.9
70/30 520 725 (V = 530V ) 0.5
80/20 480 1365 (V = 520V ) 0.7
90/10 450 1224 (V = 470V ) 0.5
Table 7.6: Summary of the results for a single-mask single GEM detector lled with dierent Ar=CO2
concentrations.
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prototype.
Figure 7.52: Eciency Comparison between a single mask triple GEM detector prototype and the timing
GEM detector with dierent gap congurations and gas mixture.
During the test we measured the eciency of the timing GEM with gap congu-
ration 3/1/2/1mm and 3/2/2/2mm for two gas mixtures Ar/CO2/CF4 45/15/40% and
Ar/CO2 70/30% and the eciency of the single mask triple GEM with gap conguration
of 3/2/2/2mm running with gas Ar/CO2 70/30%. The eciency scan was done for the
same HV working points of two the detectors.
Fig. 7.52 show the result of this test, from where we can see very small dierence
between the single mask prototype and "standard GEM" which was actually the timing
GEM. On the X-axis of the graph is shown the gain of the detectors intead of HV values
because of the complicated powering conguration of the timing GEM (section 7.3.1).
The dierence between the eciencies is negligible as it is shown in the gure. The single
mask triple GEM prototype was performing as double mask Triple GEM prototypes.
7.3.6 No Stretch 1 (NS1) 1010 cm2
Using the thermo-stretching method is a dicult task not really suitable for mass pro-
duction. There were many studies aimed to nding a more convenient way to stretch the
GEM foils, avoiding the heating and gluing. The results of these preliminary studies are
two small prototypes, NS1 and NS2, which are self-stretched detectors using the external
frame to stretch mechanically the foils.
NS1 is a 1010 cm2 triple GEM detector with gaps conguration of 3/2/2/2 mm as
it is shown in table 7.1. In order to proceed the NS1 technique the GEM foils have to be
made as it is shown in g. 7.53. The periphery of the foils is surrounded with 128 small
holes with diameter of 1.2 mm. They are used for the 128 nylon pins with 1 mm diameter
for holding the foil to the frame. The pins are dielectric in order to avoid discharge with
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the foil. They are made of 1 mm standard shing cord. In the gure is shown also the
segmentation of the top part of the GEM foil. There are 4 HV sectors made on the top side
and common layer for the bottom. The HV sectors are powered through 10 M
 protection
resistors made of 0805 SMD components, shown in the gure. The segmentation of the
top layer of the GEM foil is needed for large surfaces when the foil is larger then 100 cm2.
For NS1 this was not the case.
Stretching procedure of the GEM foilsl for NS1 is shown in g. 7.54. The detector
frame has to be pressed in advance with the screws which are mounted on the external
frame as it is shown in the gure. The 3 GEM foils are attached with nylon pins as it
is shown. The rst GEM foil is facing the drift electrode which is made on the detector
base. When all the foils are mounted, the screws needs to be unwind in order to release
the pressing. Then the detector frame expands with aprox. 1mm and the three GEM
foils became stretched.
In g. 7.55 are shown the parts of NS1 prototype. As "A" is marked the drift electrode
used as detector base, "B" is the external frame with the pressing screws, "C" is the
readout board which also closes the detector gas volume.
Figure 7.53: NS1 GEM foil.
NS1 Validation in the Lab
There were several tests performed with NS1 prototype in the RD51 lab. The detector
was powered with the multichannel power supply in order to vary the voltages of the
GEMs. (section 7.3.1). In g. 7.56 is shown the pulse height spectrum of the Cu X-ray.
The prototype was ll with gas mixture Ar/CO2 70/30% and had power conguration of
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Figure 7.54: NS1 principle.
Figure 7.55: NS1 components.
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WP7 from table 7.7. It represents very clean spectrum from we can see the photon peak
of the X-ray.
Figure 7.56: NS1 10x10cm GEM detector using gas mixture of Ar/CO2 70/30%. Pulse high spectrum
made with Cu X-ray generator.
Gain measurement test was performed with same gas mixture of Ar/CO2 70/30%. In
table 7.7 are listed the working points (WP) during the test, where WP7 represents the
point with highest gain. Result of the test is shown in g. 7.57 where the maximum gain
is 4times104. The prototype was performing well without discharging.
Having 4 HV sectors on the GEM foils requires a verication to see if all the sectors
are powered. Fig. 7.58 show the uniformity of the gain as function of the HV sectors.
The detector is set at WP3 (table 7.7). As it is shown in the graph all the sectors where
powered and gain has good uniformity.
7.3.7 No Stretch 2 (NS2) 3030 cm2
After validating the NS1 prototype demonstrated that the new stretching technique is
work. Another prototype with new stretching method was lunched. It is the No Stretch
2 (NS2) 3030 cm2 with gaps conguration 3/1/2/1mm. This detector has again triple
GEM conguration which is based fully on a mechanical stretching of the foils.
In g. 7.59 is shown the GEM foil used for this technique. On the periphery of the
foil are located 96 holes (24 for each side), with diameter of 2.8 mm, used for the metal
screws to attached the foil. In NS1 we used nylon pins in order to avoid discharges with
the GEM foils, but in NS2 metal screws are foreseen for more rigid connection. As it
is sown in the gure the holes are located a bit away from the GEM copper are, which
actually prevent the discharges. The top of the foil is divided on 10 HV sectors which are
powered again trough 10M
 0805 SMD protection resistors mounted on the foil.
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Figure 7.57: NS1 10x10cm GEM detector gain calibration using gas mixture of Ar/CO2 70/30%.
Figure 7.58: NS1 10x10cm GEM detector gain uniformity using gas mixture of Ar/CO2 70/30%.
132
7.3. SMALL GEM PROTOTYPES
W
P
1
W
P
2
W
P
3
W
P
4
W
P
5
W
P
6
W
P
7
V
G
E
M
1
=
38
0V
V
G
E
M
1
=
38
5V
V
G
E
M
1
=
39
0V
V
G
E
M
1
=
3
9
5
V
V
G
E
M
1
=
4
0
0
V
V
G
E
M
1
=
4
0
5
V
V
G
E
M
1
=
4
1
0
V
V
G
E
M
2
=
34
0V
V
G
E
M
2
=
34
5V
V
G
E
M
2
=
35
0V
V
G
E
M
2
=
3
5
5
V
V
G
E
M
2
=
3
6
0
V
V
G
E
M
2
=
3
6
5
V
V
G
E
M
2
=
3
7
0
V
V
G
E
M
3
=
32
0V
V
G
E
M
3
=
32
5V
V
G
E
M
3
=
33
0V
V
G
E
M
3
=
3
3
5
V
V
G
E
M
3
=
3
4
0
V
V
G
E
M
3
=
3
4
5
V
V
G
E
M
3
=
3
5
0
V
E
d
=
2.
0
k
V
/c
m
E
d
=
2.
0
k
V
/c
m
E
d
=
2
.0
k
V
/c
m
E
d
=
2
.0
k
V
/
cm
E
d
=
2
.0
k
V
/
cm
E
d
=
2
.0
k
V
/
cm
E
d
=
2
.0
k
V
/
cm
E
T
1
=
3.
0
k
V
/c
m
E
T
1
=
3.
0
k
V
/c
m
E
T
1
=
3.
0
k
V
/c
m
E
T
1
=
3
.0
k
V
/
cm
E
T
1
=
3
.0
k
V
/
cm
E
T
1
=
3
.0
k
V
/
cm
E
T
1
=
3
.0
k
V
/
cm
E
T
2
=
3.
0
k
V
/c
m
E
T
2
=
3.
0
k
V
/c
m
E
T
2
=
3.
0
k
V
/c
m
E
T
2
=
3
.0
k
V
/
cm
E
T
2
=
3
.0
k
V
/
cm
E
T
2
=
3
.0
k
V
/
cm
E
T
2
=
3
.0
k
V
/
cm
E
I
=
3.
0
k
V
/c
m
E
I
=
3.
0
k
V
/c
m
E
I
=
3.
0
k
V
/c
m
E
I
=
3
.0
k
V
/
cm
E
I
=
3
.0
k
V
/
cm
E
I
=
3
.0
k
V
/
cm
E
I
=
3
.0
k
V
/
cm
T
a
b
le
7
.7
:
V
o
lt
a
ge
s
a
n
d

el
d
s
co
n

gu
ra
ti
o
n
d
u
ri
n
g
th
e
N
S
1
ga
in
ca
li
br
a
ti
o
n
133
7.3. SMALL GEM PROTOTYPES
Figure 7.59: HS2 GEM Foil.
Fig. 7.60 show the method. The GEM foils are attached with "Metal screw 1" to
the Console. The stetching of the foils is done with "Metal screw 2" which pulls out the
console and toward the external frame of the detector. In this method the forces which
are responsable for the nice and uniform stretching are based on the tightness of the
screw. This method permit to stretch large size foils and in the same time to monitor the
duality of the foil surface. In NS1 the stretching forces where based only on the elastic
characteristics of the frame, which is not enough when we have large surfaces more then
3030 cm2. We can say that NS2 technique represent a revolution in the GEM detectors
assembly because several facts:
 It permits to stretch large size foils and stretching is done simultaneously for the 3
foils.
 It permits to monitor the quality of the foils stretching and adjust it where it is
necessary by tight more or less the stretching screws.
 Using NS2 no gluing is required and once the detector is assembled it can be open
again for reparation and cleaning.
 The foils are xed to the console as sandwich. They can be extracted very easily
and can be cleaned if necessary.
 Once the foils are stretched they stay stable in time. No deformation was observed
so far because of temperature changing.
The completed NS2 detector is shown in g. 7.61. The foils are stretched and we
can see the reection from their surface. The gas tightness is secure by using O-rings
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Figure 7.60: NS2 principle.
Figure 7.61: HS2 GEM detector.
135
7.3. SMALL GEM PROTOTYPES
Figure 7.62: NS2 GEM detecto the readout board.
between the detector base and the readout board, shown in g. 7.62. The NS2 prototype
is powered trough the classic HV divider (section 7.3.1) made on ceramic base.
As it is shown in the gure the boards is divided on six sectors with dierent strip
pitch and length. By making dierent readout zones we have to possibility to do test
studies with the front-end electronics, which was the idea of this design. The sectors
are numbered as it is shown in the gure and all test results are referring to the sector
number.
The rst test was to measure the rate and to see the working plato of the detector.
Fig. 7.63 show the rate as function of the divider current for all the six readout sectors.
We can see from the gure that the rate measurements are not equal for all the sectors
which can be explain with their size and coverage area. (g. 7.62). The mesurments are
done with Ar/CO2 70/30% gas mixture.
Rate scan using Ar/CO2/CF4 45/15/40% is shown in g. 7.64. Clearly we can see the
CF4 inuence to the HV working point of the detector if we compare the two gures 7.63
and 7.64. NS2 has gaps conguration of 3/1/2/1mm and it was designed to work with
Ar/CO2/CF4 45/15/40% gas mixture and to have good time resolution.
In g. 7.65 and g. 7.66 is shown the the pulse hight spectrums of the Cu X-ray gun
with Ar/CO2 70/30% 7.65 and Ar/CO2/CF4 45/15/40% for 7.66. The peak position and
the counted events follows exactly the gas mixture and the readout sector size.
The gain calibration of NS2 detector as function of the HV divider current was done
for the two gas mixtures (Ar/CO2/CF4 45/15/40% and Ar/CO2 70/30%) and the result
is shown in g. 7.67. Here the inuence of the CF4 component is clearly shown. Both gain
curves are following as we expect the HV working point of the detector without observing
discharges.
The stability of the gain as function of time is made again for the two gas mixtures.
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Figure 7.63: NS2 GEM detector rate measurnments using Ar/CO2 70/30%.
Figure 7.64: NS2 GEM detector rate measurnments using Ar/CO2/CF4 45/15/40%.
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Figure 7.65: NS2 GEM detector pulse high spectrum using Cu X-ray generator using Ar/CO2 70/30%.
Figure 7.66: NS2 GEM detector pulse high spectrum using Ar/CO2/CF4 45/15/40%.
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Figure 7.67: NS2 gain calibration for the two gas mixtures Ar/CO2/CF4 45/15/40% and
Ar/CO2 70/30%.
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Figure 7.68: NS2 gain stability for Ar/CO2 70/30% gas mixture.
Figure 7.69: NS2 gain stability for Ar/CO2 70/30% and Ar/CO2/CF4 45/15/40% gas mixture.
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Fig. 7.68 represents the results for Ar/CO2 70/30% for the six readout sectors. This
test was in done in the summer of 2012 at CERN in the RD51 lab where the ambient
temperature was close to 30 C. Unfortunately due to X-ray gun failure some of the
stability curves are not made for the full time of 8000 s.
Fig. 7.69 show the same gain stability function for the gas mixture of Ar/CO2/CF4 45/15/40%
for the six sectors. Unfortunately again due to X-ray machine failure not all of the curves
reaches 8000 s.
Based on all the lab tests we can conclude that NS2 performs well and it was ready
for the beam test periods.
7.4 Summary
The program of testing dierent technologies using small prototypes was vital for the
future detector design. As conclusions we can highlight the following important results:
 The obtained time resolution of the Timing GEM - less then 5ns (g. 7.38) which
proves that the triple GEM conguration can have good enough timing for the CMS
high  region application with gap conguration of 3/1/2/1mm and gas mixture of
Ar/CO2/CF4 45/15/40%.
 The results of the honeycomb GEM prototype show that using the honeycomb struc-
ture as a spacer to avoid stretching the GEM foils is no possible due to non negligible
eciency drop at the honeycomb cells (g. 7.42). Based on this result we abandoned
this idea.
 The test of the single mask GEM-foils was showing the same performance as the
double mask during beam test in June 2010 (g. 7.52. This gave green light to go
ahead and produce large surface single mask GEM foils for the CMS prototype.
 Several new mechanical ways to stretch the GEM foils were tested with the NS1
and NS2 small prototypes. They show excellent performance and based on this was
lunched the third big prototype ready for CMS installation. (g 7.57, 7.58) and
(g. 7.67, g. 7.69).
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Chapter 8
Full-Size Triple-GEM Prototypes
After completing the dedicated R&D program to design and study dierent technology
options as described in the previous chapter, the design and construction started of full-
size triple-GEM detector which can be installed into the CMS on high- YE1/1 region.
This chapter is describs in details the construction and the performance of the full-size
prototypes. My personal contribution to the full-size detector design is the PCB layout
and electrical diagram for the integrated HV divider and lter used for Prototype1 and
Prototype2 in section. 8.1.5 and the HV test stand box used in the clean room for testing
the leakage current of the GEM foils, described in section 8.1.4.
8.1 The GE1/1 Prototype 1
At the time of its production in 2010 the GE1/1 Prototype1 was the very rst large-area
GEM detector constructed so far. It has a trapezoidal shape with surface area about
0:5m2 and it is made with triple-GEM single-mask technology with gap conguration as
shown in table 8.1
8.1.1 Mechanics
The GE1/1 Prototype1 is designed following the geometry requirement for the CMS
YE1/1 region. It has identical dimensions like the Resistive Plate Chambers (RPC)
initially foreseen to be installed there. Each GEM detector is designed to cover a 10 slice
of the rst endcap disks. The prototype was build to demonstrate that producing such
large GEM detector is possible. Fig. 8.1 shows the structure of the prototype with all its
components.
As base a 3 mm thick aluminum plate of where on top of it is glued the kapton foil and
the drift. This plate is forming the drift electrode and the base of the detector envelope.
After this there is the gas spacer frame needed to dene the conversion gap between the
Name Gap size
Drift Drift - GEM1 3mm
Transfer1 GEM1 - GEM2 2mm
Transfer2 GEM2 - GEM3 2mm
Induction GEM3 - Readout 2mm
Table 8.1: Gaps conguration of the GE1/1 Prototype1
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drift and the top of GEM1 foil. Inside this frame are located the gas grooves shown on
g. 8.4 which are forming the conductive paths of the gas supply. The gas spacer frame
is also used to keep the stretched GEM1 foil which is glued on the frame g. 8.18. The
GEM1 foil and the frame have 3mm thickness in total. After that there is the next spacer
frame with GEM 2 stretched and glued foil. This frame is forming the rst transfer gap
between the bottom of GEM1 and top of GEM2 with thickness of 2mm. Next is the
spacer frame of GEM3 foil with thickness of 2mm which is forming the induction gap
between the bottom of GEM3 and the readout board.
Figure 8.1: Blow out diagram of the GE1/1 detector.
The induction gap is playing critical role of the time distribution of the detector. As
last element which is closing the gas volume is the readout board made of 3mm double
layer PCB. Every element of the detector is described in details in this chapter. On g.8.2
is shown the drawing of the complete mechanical box and the aluminum frame forming
the envelope of the GE1/1 Prototype 1 detector. The total dimensions are shown on the
gure.
Gas Flow Studies
GE1/1 is a gaseous detector based on the ionization principle. It is very important
to provide homogeneous gas ow trough all over the detector volume. Based on the
trapezoidal shape and on the fact that in CMS, GE1/1 will stay vertically it was lunched
143
8.1. THE GE1/1 PROTOTYPE 1
Figure 8.2: The GE1/1 box and frame dimensions.
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simulation to study the best gas ow conguration inside the detector. Fig. 8.3 shows
a snapshot of the simulated results made with simulation ANSYS [64] software for non
commercial use.
Figure 8.3: Simulated gas ow inside the detector.
During the design of the detector mechanics the best choice was to make small gas
grooves in the rst spacer frame (gas spacer frame) g. 8.1 in order to supply the detector
with gas from many points. By this way mechanically was saved lots of space for adding
additional gas inlets and using the one spacer frame to transport the gas mixture. The
GEM foils are practically transparent regarding the gas due to the fact that 50% of the
foils is made with holes of 50m g.8.13.
8.1.2 GE1/1 Drift Electrode and HV Test
The drift electrode of the GE1/1 Prototypes plays important role on mechanics and
electrical point of view. Mechanically it represents the base of the detector which keeps it
at and stable. On g. 8.5 is shown the sketch of the drift structure. As base there is the
Aluminum plate with thickness of 3mm which is forming the bottom part of the detector
box.
On top of the Alu plate there is a stack of glue and kapton foil with thickness of 350m
The drift electrode is an important part of the detector and which plays a role for the
formation of the drift eld and neutralization of the ions. The highest negative potential
is applied to the drift electrode. It is important to verify the leakage HV current trough
the surface and the volume of the drift material. Fig. 8.7 shows the HV test stand for the
small size drift electrode. It represents a Plexiglas box with mounted banana sockets on
the periphery as it is shown in the gure. The box is gas tight and permits to have gas ow
going trough the volume. This small size box was used to test the 1010 cm2 GEM foils of
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Figure 8.4: Picture of the designed gas grooves based on the simulation results.
Figure 8.5: Sketch showing the drift electrode structure.
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Figure 8.6: Picture of the small drift prototype electrode.
the prototypes described in the previous chapter and also to test dierent drift electrode
options and materials. The HV test is organized by applying HV potential between the
drift electrode and the aluminum plate on the other side. The applied voltage starts from
100 V till 8000 V with steps of 100 V. The leakage current needs to be monitored and
record in order to built the I/V response of the electrode.
Fig. 8.8 shows the results of the 3030 cm2 drift electrode. The red curve shows the
I/V response when the drift was powered from 100 V and goes to 8000 V with steps of
100 V. When the highest voltage value was reached the setup was left ON for 8 hours and
after that the applied voltage was reduced on the way back from 8000 V to 100 V with
steps of 100 V and the results are shown with the black curve.
The obtained results from the HV test of the small drift electrode were good and was
lunched the production of the full-size GE1/1 drift electrode based on the same structure
shown in g. 8.5.
Fig. 8.11 shows the nal drift electrode used for GE1/1 Prototype1 and GE1/1 Pro-
totype2. In the gure easy we can see the shiny mirror surface of the conductive drift
electrode. It is important to be absolutely at and without any chemical deposition which
can provoke discharges.
After the optical inspection of the drift electrode was performed the HV leakage current
measurements. The GE1/1 drift is bigger then the previous prototypes and was built
specially dedicated Plexiglas box, large enough to house the GE1/1 Drift and the GE1/1
GEM foils. Figure of the setup is shown in g. 8.10. As is is shown in the gure one of
the sides has mounted 36 banana sockets in order to make the HV connection from inside
and outside the box. Also are mounted two gas inlets to supply the gas ow with pure
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Figure 8.7: HV test stand of the 3030 cm2.
Figure 8.8: Picture of the small drift prototype electrode.
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Figure 8.9: Picture of the drift electrode for GE1/1 prototypes.
Figure 8.10: Drift electrode - HV test setup.
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Nitrogen to keep the volume dry.
Figure 8.11: HV results of the leakage current measurements.
8.1.3 GE1/1 GEM Foils
The GE1/1 GEM foils where produced in CERN PCB workshop by using the single mask
technology (see chapter 6.6.2). This production was the very rst made for such large
area GEM foils. It was not an easy task to follow all the necessary production procedures
in order to obtain the best results.
As rst step of making the foils was the design. Fig. 8.12 shows a three dimensional
model of the GEM foil showing the HV sectors. For such a high are foil is very danger
to make the top side as one because of the capacitance between the bottom and the top.
For such a high are this capacitance will be so huge that the stored energy can easily
damage the foil by provoking serious discharge. Based on experimental experience with
was measured that GEM foils with less then 100cm2cm have practicaly zoro probability
to provoke such discharge. That's way the GE1/1 GEM foils where divided on 35 top
sectors each one of them is a bit less then 1002cm area.
The bottom side of the GEM foil is common for all the 35 sectors. On g. 8.13 is shown
the cross section image made with electron microscope showing the holes dimensions and
pitch. This sample was taken from the same production lot.
Thermo-Stretching Method
One of the way to stretch the GEM foils is the thermal method. On g. 8.16 is shown
a sketch of how this technique is done. The kapton foil is clamped with screws to a tick
Plexiglas frame. Due to the thermal characteristics of the Plexiglas there is a mechanical
expanding of the frame which pulls out the attached kapton foil.
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Figure 8.12: 35 HV sectors of the GE1/1 GEM foils. Every color represents the CMS eta partition.
Figure 8.13: Cross section of the GE1/1 single mask GEM foils.
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Figure 8.14: Unframed GE1/1 GEM foil.
Figure 8.15: GEM terminals from the 35 HV sectors.
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Figure 8.16: thermo-stretching method.
This method requires lots of time and gluing steps which makes it not feasible for mass
production processing. It is important to have homogeneous distribution of the heat all
over the surfaces of the frame and the foil. For the GE1/1 Prototype1 and Prototype2
where used the same method and it was performed in the gluing workshop at CERN.
Fig. 8.17 shows the oven used to heat the frame and the foils. Because of the fact that
the GEM foils have trapezoidal shape it is not easy to stretch them on such a way to
be absolutely at and to avoid any wrinkles in the corners. That's way based on many
experimental tryouts where chosen the working temperature of 39C. By this way the
stretching forces are not so strong and the foil stays at. When the GEM foils is stretched
and glued with the spacer frames next step is to perform the assembly procedure described
in section 8.1.7.
8.1.4 HV Test of the GE1/1 GEM Foils
The produced GEM foils need to pass series with HV test in order to validate them. In the
GE1/1 case is necessary to test the foils before and after the thermo-stretching process.
The HV test are done strictly in a clean room conditions with controlled temperature
and humidity. Specialy for the HV test of the GE1/1 foils was developed made HV box
shown in g. 8.20 where we have the testing foil inserted and connected trough special
golden plate spring loaded plunged contacts shown in g. 8.19. Every GEMl has 35 top
sectors which requires to have solid electrical connections to every sector and the common
bottom of the foil in order to perform correctly the HV test.
The HV test for the GEM foils and the drift electrode is done in a special gas box
shown on g. 8.20 where there is a possibility to provide gas ow of pure nitrogen in order
to keep very low humidity. This box was designed to use the 35 golden plate contact
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Figure 8.17: Very big oven used to heat the GEM foils to 39C.
Figure 8.18: thermo-stretching frame with foil.
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Figure 8.19: Picture of the golden pate spring loaded plunged contacts.
matrix to connect the top sectors. The test is perfermed by applying HV between the
sector by sector and the bottom of the GEM. The measured leakage current is recorded.
On g. 8.21, 8.22, 8.23, 8.24, 8.25 are shown the results of this test for GEM foils 2;3;4;5;6
for the GE1/1 Prototype1
The HV test setup is located in the RD51 clean room in building at CERN.
8.1.5 HV Supply
GE1/1 detector was made to demonstrate the possibility to make large size GEM detectors
with the present single mask technology. For this reason was used the gap conguration
shown on table 8.1. With this conguration the time resolution of the detector can-
not be higher then 7ns and for this reason was used standard HV divider described in
chapter 7.3.1. The HV divider made for GE1/1 detector is based on discrete SMD 1 com-
ponents available on the market. The used resistors are HV SMD with socket 2512. The
very rst complicity is to nd the desired value of this components. Because of the small
quantity needed for the project and the HV , and power requirements is very dicult
to nd in the normal market. That's way was necessary to foreseen dierent connection
conguration of the resistors in order to produce value very closed to the correct one.
On g. 8.26 is shown screen shot of the PCB2 of the HV divider. To connect the gem
Terminals shown on g. 8.15 is used self clip multi-pin connector ZIF80 who has 80contact
pins and it is suitable for direct connection with exible PCB like the kapton foil of the
GEMs. Using LV connector to provide the HV potential to the GEM foils looks strange
and it is explain from the fact that all contacts of zif80 are at the same potential i.e. there
1SMD - surface mounted devise
2Printed Circuit Board
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Figure 8.20: HV GEM foil test setup.
Figure 8.21: HV GEM foil 2, test results before and after the thermo-stretching.
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Figure 8.22: HV GEM foil 3, test results before and after the thermo-stretching.
Figure 8.23: HV GEM foil 4, test results before and after the thermo-stretching.
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Figure 8.24: HV GEM foil 5, test results before and after the thermo-stretching.
Figure 8.25: HV GEM foil 6, test results before and after the thermo-stretching.
Figure 8.26: PCB Layout of the HV divider.
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is no potential dierence between the pins.
Figure 8.27: Picture of the mounted HV divider.
8.1.6 Readout Board and Electronics
GE1/1 Prototype 1 has one dimensional readout made with strips. The readout board
(anode electrode) is made by 3mm double layer PCB. One the bottom side are the etched
strips and on the top are the connectors for the front end boards. The connections between
the layers are made with small vias.
For the Prototype 1 the strips pitch is 0.8mm on the narrower part and 1.6mm on the
widest. On gure 8.30 is shown a photograph of the readout board on the strips side.
GE1/1 Prototype1 is divided on 4 eta partitions representing the original eta segmentation
made for RE1/1. As it is shown on the gure the board has 8 connectors for the FEB
VFAT electronics. Each VFAT card has 128 channels which makes in total 1024 channels
for GE1/1 Prototype1 detector. The VFAT electronics is described in details in chapter
A.1.
On g. 8.31 is shown the bottom side where the strips are. It is a must that the
readout board has to absolutely at and without any defects. The bottom of GEM3 foils
and strips are forming the induction gap of the GEM detector which plays a critical role
in the time distribution performances.
8.1.7 Assembly
The assembly procedure for GE1/1 Prototype1 and Prototype2 is absolutely identical.
Using the thermo-stretching method and many gluing steps during the assembly techno-
logically requires several days and using a special oven to heat the foils for a temperature
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Figure 8.28: HV divider I/V plot.
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Figure 8.29: HV divider I/V plot.
Figure 8.30: The readout PCB - FEB side.
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Figure 8.31: The readout PCB - strips side.
between 37C and 39C. On g. 8.32 is shown a view inside the oven with the protective
shielding on top of the GEM foils. The protection is needed to keep the foil clean from
dust and other pollution which eventually can eect the operational characteristics. The
time needed to obtain homogeneously temperature all over the surfaces is about 24 hours.
When the foil with the frame are heated and stretched the next step is to glue the spacer
frame. On g. 8.33 is shown the process of depositing the glue over the spacer frame. As
tool was used special pneumatic dispenser in order to deposit absolutely uniform layer of
glue all over the frame surface. This is important part of the assembly which can aect
a lot the gas tightness of the detector. When the glue is done and the spacer frame is
putted on top of the GEM foil we have the structure shown on g. 8.18
8.1.8 Tests in the Lab
When the detector is assembled next technological step is to test it for gas tightness
and measure the important parameters like gain, uniformity, HV response. This quality
control of the detector is done in the RD51 lab located in CERN bldg.154 R-007 by using
an 20kV Cu X-ray generator and analog readout system, described in the appendix A. As
rst step is performed a simple HV scan of the detector in order to verify the IV response
of the divider and the detector' electrodes. The results were always the same as shown
in g. 8.28. In this test is also putted in to account the resistance of the integrated HV
lter and an additional one with same schematic located just after the HV supply channel
output.
On g. 8.36 is shown the readout sectors conguration used for the lab tests. It has
in total eigh sectors with dierent strips size.
On g. 8.37 is shown the pulse high spectrum of the X-ray source measured with the
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Figure 8.32: Heating the foils inside the oven.
Figure 8.33: Depositing the glue with special dispensing tool.
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Figure 8.34: Placing the detector's electrodes and gluing them.
Figure 8.35: Placing the readout board and closing the detector gas volume.
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Figure 8.36: GE1/1 Prototype1 - readout sectors conguration used for the gain calibration measure-
ments
Figure 8.37: Pulse high spectrum of the X-ray source measured with GE1/1 Prototype1. The gas mixture
is ArCO2 70  30%
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prototype. On the X axis is the supplied voltage across the divider. The used gas mixture
is ArCO2 70   30%. Clearly on this spectrum is shown the photo peak -8keV and the
escape peak of the Argon gas - 5keV. Interesting eect is the right part of the spectrum
showing the bremsstrahlung eect of the X-ray generator. This was observed due to the
very tick aluminum plate - 3mm of the detector envelope. The aluminum plays role as
absorber which attenuates the low energetic particles and not the high energy one.
Figure 8.38: Rate measured with GE1/1 Prototype1. The gas mixture is ArCO2 70  30%
In order to calculate the eective gain of the detector is used the the same method
shown on chapter 7.3.2 The input parameters for the calculations are: gas mixture
( ArCO2 70   30%), the rate scan of teh detector g. 8.38 and the readout current
measurements for each sector.
On g. 8.40 is shown the function of the eective gain versus the applied HV across
the divider. It represents the gain for all the eight readout sectors of the detector. It
shows the expected results of this prototype. Having such a stable operation the detector
was certify to proceed further and go to the beam test facilities.
8.1.9 Results from the Beam Tests
GE1/1 Prototype1 was developed and build to demonstrate the single mask technology
and possibility to make large size GEM foils. It represents the rst GEM detector with
this size build so far. It was very important to measure the characteristics of the prototype
like eciency and space resolution. For this reason it was established a campaign in the
RD51 frame work to use the general test beam facilities ate CERN at H4 beam line.
The rst test was made in October 2010 by using the RD51 tracker GEM detectors as
reference in order to calculate the particle tracks. The used beam is 450GeV Hadrons
and Muons.
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Figure 8.39: Readout current of GE1/1 Prototype1. The gas mixture is ArCO2 70  30%
Figure 8.40: Eective gain of GE1/1 Prototype1. The gas mixture is ArCO2 70  30%
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For the testing program of Prototype1was essential to demonstrate the basic operation
performance of the detector rather to measure the time resolution. The detector was
designed to operate with gas mixture of ArCO2 70   30% and has gaps 3/2/2/2mm.
Important steps were to estimate the tracking eciency, cluster size and the uniformity
across the active area. The mechanical support, were the prototype was installed allows to
have precise moving on X and Y directions all over its active area. The installation support
can be seen on g 8.42 with mounted Prototype1. The testing program was to test every
 partition of the detector and to compare the space resolution and the eciency between
the readout sectors. Due to technical reason coming from the accelerator department only
3 testing points were nished during this campaign. P1 which sits on the narrower part
of the detector with strips pitch of 0.8mm, P3 in the middle and P5 in the wide part, as
they are shown on g. 8.42.
The results of the eciency measurements can be seen at g. 8.43, 8.44, 8.45 for the
three data-taking points. For P1 the eciency is given as a function of the detector gain
and for P3 and P5 as function of the HV divider current. The obtained results shows
tracking eciency better then 97% which responds well to the expectations.
For the same points at g. 8.46, 8.47, 8.48 is shown the measured space resolution of
the detector. The space resolution depends from the strips pitch and the expected value
for this detector meets the results shown on the graphs where average space resolution is
450m.
Figure 8.41: Beam image from the trackers
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Figure 8.42: GE1/1 prototype1 installed at the beam area
Figure 8.43: Eciency measurements with re-
spect of the tracker at P1. the gas mixture is
ArCO2 70  30%.
Figure 8.44: Eciency measurements with re-
spect of the tracker at P3. the gas mixture is
ArCO2 70  30%.
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Figure 8.45: Eciency measurements with respect of the tracker at P5. the gas mixture is ArCO2
70  30%.
Figure 8.46: GE1/1 Prototype1 space resolu-
tion at P1. the gas mixture is ArCO2 70 30%.
Figure 8.47: GE1/1 Prototype1 space resolu-
tion at P3. the gas mixture is ArCO2 70 30%.
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Figure 8.48: GE1/1 Prototype1 space resolution at P3. the gas mixture is ArCO2 70  30%.
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Drift - GEM1 3mm
GEM1 - GEM2 1mm
GEM2 - GEM3 2mm
GEM3 - Readout 1mm
Table 8.2: Gaps conguration of GE1/1 prototype 2
8.2 GE1/1 Prototype 2
After GE1/1 Prototype1, was lunched the next Prototype2 project based on the same
technology but using dierent gaps conguration and readout board. The construction
of the detector took place in April 2011. The goal of this prototype was to demonstrate
the the possibility to produce such a large GEM based detector with reduced gas in order
meet the physics requirements for higher granularity, and timing performance.
8.2.1 GE1/1 Prototype 2, Gaps Conguration and HV Divider
Based on the results and conclusions from the Timing GEM (shown on section 7.3.1) in
order to make the detector faster is needed to change the gaps conguration as it is shown
on table 8.2, change the gas mixtures to ArCO2CF4 45  15  40% and change the elds
values as they were for the Timing GEM tests. This task is not trivial at all when we are
speaking for a detector which is 1m long and 0.5m wide. To keep 1mm gaps across this
surface is more then a challenge specially when is used the thermo-stretching method for
the GEM foils. Prototype2 was lunched as a try to verify this possibility.
Reducing Transfer1 and Induction gap of the detector using absolutely the same tech-
nique as Prototype1 requires special attention on the foils stretching. The berglass
frames was reduced to 1mm thickness which makes them exible and not rigid for the
GEM stretching. The temperature used in the oven for this conditions was only 37C in
order to avoid wrinkles in the corners.
Having the dierent gaps conguration requires changing of the existing HV divider
PCB board in order to provide the necessary elds and voltages. The schema and the
PCB stays the same as it is for Prototype 1 (see section 8.1.5) The dierence is the value
for the resistors. The used resistors for Protoype2 are as follows:
 RGEM1 = 550k
, RGEM2 = 500k
, RGEM3 = 441k
 for the GEM's potentials.
 REd = 1M
, RET1 = 500k
, RET2 = 1M
, REinduction = 500k
 for the elds.
The HV divider for Prototype2 is not optimized for good time resolution because using
commercial HV chip resistors limits a lot the choice of values due to the availability in the
market and the low quantity demand for the this project. It was necessary to put values
which are available and close the ones we need.
8.2.2 GE1/1 Prototype 2, Readout Board
The detector anode which is the readout board is one dimensional made with strips.
The dierence between Prototype 1 (section 8.1.6) and Prototype 2 is the pitch of the
strips and the total number of strips. In GE1/1 Prototype 2 there are 24 VFAT cards
foreseen organized in three columns and eight rows as it is shown in g. 8.49. This readout
electrode keeps the same eta segmentation based on the CMS TDR for RE1/1 chambers
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with. Having such a higher granularity the space resolution of the detector is improved
to 300  400m. The results from the June beam test in 2011 are showing this.
Figure 8.49: GE1/1 Prototype 2 - Readout board.
8.2.3 GE1/1 Prototype 2 - Detector Performance
The full characterization of the detector was done in RD51 lab at CERN in order to
measure the eective gain, uniformity and stability. Fig. 8.50 shows Prototype2 with the
sectors used for the tests. This detector has 24 readout parts and to test all of them
requires lots of time. We decide to make calibration of the detector only in the narrow,
wide and middle part as it is shown on the gure.
Fig. 8.51 gives the rate measurements of the GE1/1 Prototype2 detector withArCO2CF4 45=15=40%
and ArCO2 70=30% for the three sectors (2-2, 5-2, 8-2), as function of the current through
the HV divider. It clearly shows the dierence between the two gas mixtures. The detector
shows good uniformity across the active area surface. The HV divider currents correspond-
ing to the rate plateau region for the 2 gas mixtures are 867A or V divider = 4400V for
the ArCO2CF4 45=15=40% and 728A or V divider = 3700V for the ArCO2 70=30%.
The Pulse High spectrum is shown in g. 8.52 for sector 2-2 of GE1/1 Prototype2 using
ArCO2CF4 45=15=40% gas mixture and applied voltage on the divider is V divider =
4400V . The Pulse High spectrum is made with the Cu X-ray generator with maximum
energy of 20keV. On the spectrum is clearly shown the photo peak and the escape peak of
the Ar gas also on the right side is the bremsstrahlung eect due to the 3mm aluminum
plate in front of the drift electrode, same eect as Prototype1. This spectrum shows that
the detector is fully operational without having any distortions of the output signal.
Fig. 8.53 shows the results of the eective gain measurements of the GE1/1 Prototype2
and also a comparison with the results obtained with the small 10x10cm Timing GEM.
Good uniformity across the entire surface of the detector is shown by the overlapping of
all the curves for each gas mixture. Comparing the test results of the GE1/1 Prototype2
and Timing GEM there is a small dierence between the gain curves due to the fact that
for the GE1/1 us used single mask GEM foils and for the Timing GEM we have double
mask etching process, which makes the holes with very good bi-conical geometry.
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Figure 8.50: GE1/1 Prototype2. Readout sectors
Figure 8.51: GE1/1 Prototype2 rate measurements.
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Figure 8.52: GE1/1 Prototype2, pulse high spectrum from the X-ray generator.
Figure 8.53: GE1/1 Prototype2. Eective gain of the detector and comparison with the Timing GEM
prototype
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Figure 8.54: GE1/1 Prototype2.Gain stability as function of time
The gain stability of the detector is a relevant parameter which needs to be taken
in to account due to the fact that such a large size detectors has to demonstrate stable
operation. That's way it was performed a gain stability test which gives exactly this
information. Fig. 8.54 shows the gain stability measurements as a function of time. A
comparison between the three readout sectors is shown on the graph with some interrup-
tion is sector 8-2 due to unexpected shut down of the X-ray machine. The detector gives
stable work for the period of 5000s without having any observed discharges which makes
it promising device for future use in CMS.
GE1/1 Prototype2 - Beam Test Results
After the construction and lab validation of Prototype2 was found the option to perform
for the rst time a beam test inside a magnetic eld. By this way we can make conditions
similar as they will be in CMS YE1/1 region. In June 2011 the Prototype2 detector was
tested in H2 line at CERN by using M1 magnet shown in g. 8.56.In order to measure
and see the detector performance in magnetic eld was used the M1 [63] magnet which
is able to produce maximum B eld of 3T perpendicular to the beam ux. The detector
was mounted on a mechanical support able to rotate the setup with maximum deviation
angle up to 30 with respect of the beam line. In the CMS high eta YE1/1 region the
magnetic eld is non negligible and quite not uniform. This requires deep studies in order
to demonstrate the working capability of the GE1/1 GEM detectors.
Having a magnet eld B there are two factors that we have to put in to account.
 Bending of the charged particle trajectory provoked by the B eld. At the beam
test in H2 we have only 450 GeV muon particles beam which follows well this rule.
 Displacement of the electron avalanches inside the detector due to the B eld. Inside
the GEM detector there are the electric eld E between the gaps which are perpen-
dicular to the detector electrodes (drift, GEM foils and readout). When the B eld
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Figure 8.55: Gain Calibration.
is not parallel to the E elds we can have a displacement of the electron avalanches
. The most serious case is when the B eld is strong > 2T and it is perpendicular to
the detector E eld. The displacement in this case can be very big and in we may
not see the signal at the pickup strips.
Fig. 8.57 shows a sketch of the experimental setup during the magnet test. To recon-
struct the particle path was used the RD51 tracker table described in chapter 7.2. The
particle trigger was done with the tree scintillators counters mounted on the tracker table.
By rotating the mechanical support of the Prototype2 we can set dierent angles for the
B eld with high precision. By applying dierent current value from 0 to 10000 A to the
magnet it was possible to set dierent values for B.
Fig. 8.58 shows the obtained results about the displacement of the particles as function
of the magnetic eld at dierent angles. Moreover it shows a comparison between the
simulation made before with the Gareld software [65] and the real measured data.
Based on the results from the timing GEM measurements (see section 7.3.3). The
GE1/1 Prototype2 was done with gap congurations 3/1/2/1 mm in order to obtain
5 ns time resolution. The used gas mixture of Ar/CO2/CF4 45/15/40% was also based
on the timing GEM results and the studies shown in section 6.5.2. Apart of the inside
gaps and the gas composition, the next important factor who plays relevant role on the
GEM based detector time resolution is the eld and potential conguration formed by
the HV divider. In the case of GE1/1 Pototype2 it was used the divider made with
commercial SMD resistors with xed values. In the market is very dicult to nd the
exact values needed for the project. We were limited of the fact that we need 1W HV
chip resistors and small quantities (less then 10 000 pcs.). The resistors values used for
the GE1/1 Prototype2 HV divider were close but not the same as the optimal ones. This
was aecting the eld conguration inside the detector. The measuring time resolution
in this case was in the order of 7 ns which was expected due to the elds organization.
Using the commercial discrete HV SMD resistors is not the way to design and ne tune a
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Figure 8.56: 3 Tesla magnet M1 used for the beam test setup for GE1/1 Prototype2.
Figure 8.57: Sketch showing the magnet test setup during beam test in June 2011.
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Figure 8.58: Displacement giving by the Lorentz force. Simulation and real data.
HV divider needed for this project. In 2011 was found a company [72] which can fabricate
a custom ceramic based HV resistors chain suitable for the GE1/1 detector application.
The future GE1/1 Prototype 3 uses this Ceramic HV HV divider module.
In September 2011, GE1/1 Prototype 2 was tested with an analog readout chip
APV [75], used with the Scalable Readout System (SRS) [76]. The idea of this attempt
was to test the detector with analog electronic and measure the spatial resolution.
To obtain an estimate of the spatial resolution, the displacement x in the track
position as shown in Fig. 8.59 was measured between the tracker GEMs in the RD51
telescope and the CMS prototype. Only tracks in the center of the beam spot were
selected in order to minimize the eect of beam divergence.
Fig. 8.59 actually shows the displacement for the Tracker 1 and Tracker 2 GEMs of
the RD51 telescope. Assuming that the two trackers have the same spatial resolution x,
one arrives at
2x = 
2
x1 + 
2
x2 = 2
2
x; (8.1)
where x is the width of the displacement distribution.
Fig. 8.60 shows the data-taking point of GE1/1 Prototype 2 with the corresponding
strip pitch.
Fig. 8.61 shows the result of the displacement in GE1/1 Prototype 2 versus Tracker2.
As it was mentioned above the sigma from the gure represents the width of x.
This method was used to estimate the spatial resolution of the GE1/1 Prototype 2, by
measuring the displacement with respect to one of the tracker GEMs. The measurement
was done using 150 GeV muon and pion beams. The GE1/1 Prototype 2 was operated at
maximum eciency, with a gas mixture of Ar/CO2/CF4 45/15/40%. The resolution of the
Tracker GEMs was estimated to be 50 m, such that from the displacement measurement,
the spatial resolution of GE1/1 Prototype 2 was computed to be less than 100 m.
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Figure 8.59: Measuring of the tracking displacement with the APV.
Figure 8.60: The measuring point during this test with the pitch of the strips.
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Figure 8.61: Distribution of x for GE1/1 Prototype 2, versus Tracker2.
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8.3 GE1/1 Prototype 3 - The CMS Baseline Detector
Using thermo-stretching and gluing method is a delicate and time consuming process.
It requires special clean lab, equipped with big and accurate oven and glue dispenser
facilities. To produce one detector it takes minimum a week to complete the assembly
procedure. Moreover once it is ready and there is no opening again because of the fact
that all the parts are nicely glued and gas tight. It is not realistic to use this technique
for mass production, specially for the CMS requirements where 144 detectors plus spares
needs to be built and certify in the period of one year. The solution is to nd another
way to stretch the GEM foils and to not use any glue in the detector assembly.
Section 7.3.7 gives the description of a method based on mechanical stretching of the
foils and no glue used for the assembly.
After the tests of all the GEM prototypes build so far next step is to design a detector
which is feasible to be mounted in CMS with all the services included. It is described in
this section with all the design drawings.
8.3.1 Cooling
The readout granularity of Prototype 3 is smaller then Prototype2. It consist 3840 readout
channels which makes 30VFAT cards. Each VFAT has power of 1W, which makes 30W
heat power only for the readout electronics. The next heating source is the ceramic HV
divider described in section 8.3.2 which has power of 4W and can get hot to 80C. We
have also other electronics foreseen for the nal detector as DC to DC converters and
optical transceivers with calculated power of 10W in total. All this conditions forms the
demand to have sucient cooling system able to extract the total heat power of 45W.
Figure 8.62: Cooling organization of Prototype3.
Specially dedicated simulation project was lunched at CERN in order to design the
best cooling performance which was integrated in to the mechanical design of the detector.
Based on the CMS demands the internal coper pipes which are transporting the cooling
water should not be less then 6mm internal diameter. This was declared due to the
expected quality of the CMS cooling water and to reduce the risk of blocking the circuit
provoked from any solid conterminations.
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Fig. 8.62 shows the technical drawing of the nal cooling design responding to the
CMS demands. The heat extraction Cu pipe is forming a loop inside the detector by
passing close to the heating elements as VFATs, HV divider and other electronics. This
is made based on the clearance available inside the case volume foreseen to house all the
electronics and cooling. Fig. 8.63 shows the available space available inside the volume
which is only 9mm. The mechanical connection between the cooling pipe and the VFAT
chip is made by copper strip as it is shown on g. 8.64. Based on the simulations using
such a way to evacuate the heat from the VFAT chip is giving very good results.
Figure 8.63: Detector patch panel view - 9mm clearance available for the cooling and electronics.
Fig. 8.65 shows more perspective view of the VFAT cooling design. The Cu strip is
foreseen to be soldered to the cooling pipe.
Figure 8.64: Cooling method details.
8.3.2 HV Divider and Power Supply
The CMS baseline detector GE1/1 Proto3 has special HV divider, made on a ceramic
plate. This technology permits the option to ne tune every resistor of the chain in order
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Figure 8.65: Cooling method.
to obtain the needed value. For the GE1/1 Proto3 the values are specially set for best
time performance and high gain. They are described in details in table 8.3. All this
results have been chosen based on the test beam results in 2010 with the timing GEM
measurements. See section 7.3.3
On g. 8.66 is shown part of the drift electrode of the detector and the soldering pads
for the HV divider and lter. The base is made of 3mm PCB where the drift is made as
well.
Fig. 8.67 and g. 8.68 are showing the HV connections to the GEM foils. They are
made with springs which are glued on the drift PCB with silver glue for better contact.
Each one of the springs are touching the corresponding contact pad for each of the GEM
foils side. This is very ecient method suitable for mass production plans. As we had in
GE1/1 Prototype2 the connections to the GEM foils were made with ZIF80 connectors
clamping directly the GEM terminals. On Proto2 it was necessary to take care for 31
connections for each foil which makes the process very slow and risky to have a solid
contacts to every HV sector of the each foil.
Fig. 8.69 shows the hybrid divider glued to a ceramic insulator in order to perform
temperature measurements and give an output to the colling calculations of the detector.
At 4000V the measured temperature on the ceramic surface is around 100 which is
not a problem for the cooling mechanism of the GE1/1 Detectors. The emitted power
is around 4W. The electrical parameters of the HV dividers of GE1/1 Prototype2 and
Prototype3 are shown on the following gures. Fig. 8.70 shows the general I/V curve
and the DC current response of the two dividers. The currents between two of them are
slightly dierent. The best calculated working point of GE1/1 Prototype3 is set to be at
4000V with current of 800A. AT this point all the parameters are equal to the ones from
table 8.3.
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Figure 8.66: GE1/1 Proto3 - the CMS base line detector with the new position of the HV divider.
Figure 8.67: GE1/1 Proto3 - HV connections for the GEM foils.
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Figure 8.68: GE1/1 Proto3 - HV connections for the GEM foils. Using a silver glue to improve the DC
contact with the springs
Figure 8.69: GE1/1 Proto3 - The new conception of HV divider technology. Using a custom made
ceramic divider with specially tuned voltage drops needed for the good timing og the detector.
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Figure 8.70: Comparison between the DC current response of the HV dividers used for GE1/1 Proto2
and GE1/1 Proto3. (Old setup is for Proto2 and New setup is for Proto3
Figure 8.71: Comparison between the HV divider used for GE1/1 Proto2 and GE1/1 Proto3
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Figure 8.72: Comparison between the HV divider used for GE1/1 Proto2 and GE1/1 Proto3
Figure 8.73: Comparison between the HV divider used for GE1/1 Proto2 and GE1/1 Proto3
188
8.3. GE1/1 PROTOTYPE 3 - THE CMS BASELINE DETECTOR
Figure 8.74: Comparison between the HV divider used for GE1/1 Proto2 and GE1/1 Proto3
Figure 8.75: Comparison between the HV divider used for GE1/1 Proto2 and GE1/1 Proto3
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Figure 8.76: Comparison between the HV divider used for GE1/1 Proto2 and GE1/1 Proto3
Figure 8.77: Comparison between the HV divider used for GE1/1 Proto2 and GE1/1 Proto3
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Parameter V on the resistor Filed Value [kV/cm]
VDrift 900V 3kV/cm
VGEM1 450V
VT1 350V 3.5kV/cm
VGEM2 440V
VT2 700V 3.5kV/cm
VGEM3 420V
VEI 500V 5kV/cm
Table 8.3: HV value conguration for GE1/1 Proto3
8.4 Conclusions
As conclusions can be underline to follow:
 Ptototype1 was built and tested, it was the rst demonstrator showing the fact that
GEM based detector can be build with this dimensions. All tests performed so far
are showing eciency more then 97% and space resolution of 450m (section 8.1.9).
 Second prototype was build using the same technique as the rst but having reduced
gaps 3/1/2/1mm. The detector shows good operation performance, as the Prototype
1, it was also tested in magnet led similar to the YE1/1 region of CMS the results
are in section 8.2.3. The Prototype2 was done with two times more ne granularity
of the readout strips. It was tested with the analog APV readout chip and the
measured space resolution was in the order of 100 m. This result (gure 8.61)
meets well the expected values.
 Based on all tested prototypes so far it was established the project for the nal CMS
GE detector ready to be installed in YE1/1 region. It is based on new stretching and
assembly technique avoiding any gluing and with the option to be open and repair
when this is needed. The detector consists new HV divider hybrid with tuned values
for best time resolution. It has optimized HV connections to the GEM terminals with
included testing points. The tests are still on going. This design of the prototype
permits mass production.
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Chapter 9
Summary and Outlook
In this chapter we summarize the work presented in this thesis and we provide an outlook
for the project. In section 9.2 we list some of the open points for the GE1/1 and GE2/1
detectors and corresponding electronics. In section 9.3 the general plan for the rst LHC
Long Shutdown period is described.
9.1 Summary
The Standard Model of particle physics is a theory describing the electromagnetic, weak,
and strong interactions, which govern the dynamics of the known elementary particles.
The particles that mediate these interactions are called gauge bosons. Although the SM is
able to describe the presently available experimental data to a high precision, the theory
has several shortcomings and is incomplete.
An example of one of the problems with the SM, is the question how elementary
particle obtain their mass, which is actually one of the most important issues today in
particle physics. Theoretically, it is explained with the Brout-Englert-Higgs mechanism,
which claims that all massive particles acquire their mass through an interaction with the
Higgs eld. The existence of such a Higgs eld could be proven through the experimental
detection of the corresponding boson, called the Brout-Englert-Higgs particle. Until today,
the latter particle has never been observed experimentally, although earlier this year for
the rst time the observation of a new particle, with a mass of 125 GeV and features that
are compatible with a Brout-Englert-Higgs boson, was reported by both the CMS and
ATLAS Collaboration.
Another important topic in today's particle physics is the search for physics beyond
the Standard Model. Good candidates for extensions of the SM are the so-called super-
symmetric models. These models solve a number of issues of the SM, but at the same time
predict that every known SM particle has a corresponding supersymmetric partner. As a
result, the presently known particle spectrum would be doubled, with the superpartners
appearing at a high mass scale, well above the masses of the SM particles. So far, none
of these predicted supersymmetric particles have been observed experimentally.
To face the major challenges in modern high energy particle physics, e.g. the ex-
perimental verication of the Brout-Englert-Higgs boson mechanism and the search for
beyond the Standard Model physics, the Large Hadron Collider, the largest particle ac-
celerator ever, was built at CERN. In the LHC complex, the Compact Muon Solenoid
experiment is installed as one of the large general-purpose detectors, with the main task
to study physics at the TeV scale using proton-proton collisions. To do this, CMS con-
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structed a complex detector combining dierent particle detection technologies suitable
for the LHC operation conditions. A very important part of the CMS detector is the
muon system, which is essential to detect for example the most clean ZZ decay of the
Higgs boson into 4 muons. The muon system has to be redundant, and should be able to
reconstruct every muon particle and provide an ecient muon trigger to CMS. For the
muon track reconstruction and muon triggering, the muon system contains Drift Tubes
in the barrel region and Cathode Strip Chambers in the endcaps. As dedicated muon
trigger detectors, Resistive Plate Chambers are installed in both the barrel and endcaps.
At present, the LHC operates at 7-8 TeV, which is about half of its nominal planned en-
ergy for the Phase-I period. After the rst Long Shutdown foreseen from March 2013 until
March 2015, the energy should reach the planned value of 14 TeV. Also the beam luminos-
ity is steadily increasing over the years and should eventually reach about 21034cm 2s 1
near the end of Phase-I. The corresponding increase in particle rates pushes the present
CMS detection and trigger systems to their limits, and imposes the need for upgrades in
all subsystems including the muon system, to ensure reliable operation at high rates and
luminosity.
Currently, the forward RPC endcap system remains un-instrumented in the pseudo-
rapidity region 1:6 < jj < 2:1. The present CMS RPCs based on Bakelite gas gaps, are
not suitable for operation in this high rate region of the detector, especially when the
LHC will run at full luminosity. The work presented here aims at covering this region of
the muon endcaps with large-area Gas Electron Multiplier detectors. GEMs could oer
enhanced tracking and triggering capabilities for the muon system, and are suited for
stable, long-term operation in a high rate environment such as the LHC.
The main work reported in this thesis started in 2009-2010, with the production of
several small triple-GEM prototypes in order to validate in lab measurements and test
beams dierent aspects of these detectors and to select the best conguration, meeting
the CMS application requirements.
A rst important goal was to study and optimize the time resolution of the triple-GEM
detector conguration. For these tests, a 10 10 cm2 triple-GEM was constructed with a
custom made high-voltage divider, allowing to tune the electric elds across the foils and
dierent zones in the detectors. In this study, dierent gas mixtures were used to operate
the detectors, and also the eect of dierent sizes of the gaps between the GEM foils and
of dierent elds across the drift and induction zone was studied. A time resolution of less
than 5 ns was obtained with a gap size conguration of 3/1/2/1 mm and an Ar/CO2/CF4
45/15/40 % gas mixture.
One of the technological diculties in the production of GEMs, is the stretching of
the foils. During this project, an attempt was made to avoid this step in the production,
using instead a dielectric honeycomb frame as spacer material to dene the gap congu-
ration inside the detector. A 10 10 cm2 triple-GEM detector was constructed with this
technique, and tested in test beams at CERN. Although the detector showed good per-
formance with respect to the standard GEMs, signicant eciency drops were observed
at the position of the walls of the honeycomb cells. Therefore, this technique was not
pursued any further.
Another issue with the production of large-area GEMs as needed for CMS, is related
to the photolitographic procedure to etch the holes in the foils. This process requires the
use of photomasks to transfer the pattern of holes onto the foils. The standard, so-called
double-mask procedure uses a mask on either side of the foil, where a precise alignment
between the two masks is essential to ensure good quality holes. In the case of CMS, a
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full size triple-GEM, so-called GE1/1 detector, has a trapezoidal shape and is 1 m long
and 0.5 m wide. For the production of such large GEM foils, the alignment of the masks
in the double-mask technique is no longer feasible. Instead, the so-called single-mask
technique should be used, in which only one photomask is required to transfer the hole
pattern onto a GEM foil. In order to validate this newly developed single-mask technique
another 1010 cm2 prototype was built and tested in test beams at CERN. This single-
mask prototype showed excellent performance, comparable to the standard double-mask
prototype.
Based on the experience with the small prototypes, the rst full-size GE1/1 Prototype
1 detector was constructed at the end of 2010, with a gap conguration of 3/2/2/2 mm.
At that time, this was the largest GEM detector ever built. To stretch the GEM foils,
the thermo-stretching method was used, which afterwards required a lot of delicate gluing
steps to assemble the detector. The results from many lab and test beam measurements
showed that this detector had an excellent performance in terms of detector gain and
eciency and in uniformity across the surface.
In a next step, the goal was to produce a full-size detector with a gap size conguration
of 3/1/2/1 mm, in an attempt to obtain a similar time resolution of about 5 ns as with
the small prototypes. In 2011, the 2nd GE1/1 prototype was constructed, where the
challenge was to keep an equal distance of 1 mm between the electrodes over the entire
surface of  0.5 m2. In test beams, this detector again showed good performance. The
measured spatial resolution with an analog APV chip and digital VFAT2 electronics was
less then 100 m.
As inside the CMS detector the GEMs would be installed in a region where the mag-
netic eld can go up to about 1.5 T, the GE1/1 Prototype 2 detector was also tested
inside a magnetic eld similar to the YE1/1 region of CMS. No degradation of the de-
tector respons was observed, and the measured displacement of the detector hits due to
magnetic eld could be reproduced in simulation.
The thermo-gluing method that was used to build the rst two GE1/1 prototypes is
not feasible for an ecient mass production process. The process involves many gluing
steps which take a lot of time and also require a large oven with clean room conditions.
Moreover, after the assembly has been completed, there is no way for the detector to
be opened up again for reparation or modications. In order to avoid this, a newly
developed technique involving self-stretching of the foils using mechanical forces, was
adopted to produce two new small triple-GEM prototypes, NS1 (10  10 cm2) and NS2
(30 30cm2). As both detectors showed excellent performance, this method was adopted
for the production of the 3rd CMS GE1/1 prototype in June 2012. This detector represents
the rst version suitable for CMS, with an integrated cooling option for the HV divider
and for the on-detector electronics. The lab tests of this prototype are presently ongoing,
and also rst test beams with this detector are foreseen in November this year.
9.2 Open Points
After the completion of this thesis, there are still open points to be tackled in the GE1/1
and GE2/1 detector project. Most of them are related to the infrastructure electronics
and power supplies:
 Readout board. The foreseen readout board of the GE1/1 and GE2/1 detectors have
to integrate the pickup strips and also all the wires and connectors needed for the
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readout electronics and Low Voltage (LV) power. The board needs to have 9 layers,
which requires a complicated PCB manufacturing. At present days this board is
still under design and should be ready by the end of 2012.
 LV powering of the detector. It is foreseen to have built it DC-DC converter mounted
directly on the readout board. Because of the operation conditions in the high-
region in CMS this converter should be radiation hard and magnetic eld tolerant.
It has to be ready in 2013.
 HV power supply is still under discussion. It will be used probably a commercial
modules from CAEN as for the other detectors in CMS.
 Readout electronics on the detector side. At the moment the VFAT3 chip under
development which will be designed specially for the GEM detectors application.
It will provide more exible triggering organization. The signals from the VFAT
front-end chip will be transfered trough LVDS lines, fabricated on the readout PCB,
to the gigabit optical transceiver (GBT) integrated on the detector. The GBT is a
optical transceiver module which is radiation hard and magnetic led tolerant. It is
still under developing at CERN and should be ready in 2014-2015.
 Readout electronics at o detector side. The signal from GBT will be transported
to the counting room in the CMS cavern trough ber, where it will be readout with
TCA modules. The TCA is a new standard of modular electronics organization.
It has many new features like self diagnostic etc. dierent form the old standards like
VME and CAMAC. The electronics modules for the TCA is still under developing.
Some prototypes of this electronic can be delivered for the LS1 period.
9.3 General Near Future Plan
The Long-Shutdown 1 (LS1) period will start from March 2013 for the duration of two
years.This is the time when the LHC complex will be stopped to repair magnet splices,
to allow the LHC to operate safely at 14 TeV and to improve the beam collimation to
permit operation at high luminosity [22]. In same period, CMS will be open for the
planned upgrade installation work of it's sub-detector systems. For the high- region
upgrade, was proposed a plan for the installation of several GEM based detectors of
GE1/1 Type and GE2/1 type.
The GE1/1 type will be inserted in the YE-1/1 nose as Super-Chamber (SC). The
Super-Chamber basically represents two GE1/1 detectors attached together, forming a
sandwich structure. Integration studies show there is enough space to insert overlapping
sandwiches of two Triple-GEM GE1/1 detectors (SC). The benet of such a module is
the possibility of having two space points instead of one [77].
Fig. 9.1 shows a drawing of the installation of a GE1/1 Super-Chamber into the nose.
Each Super-Chamber covers 10 of the YE1 disk of CMS. Fig. 9.1 "A" shows how the
Super-Chamber will be inserted into the nose. In yellow are drawn the rails which form
the path which the Super-Chamber has to follow during the installation. Fig. 9.1 "B"
shows four mounted Supe-Chambers in the nose. Fig. 9.1"C" gives a clear image of how
the super-chambers are inserted and how they over lap each other. It is also sown the
guiding pin of the SC and the rails.
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Figure 9.1: Installation of GE1/1 detectors.A - Inserting the super chamber in to the nose of YE1/1.
B- Position of installed GE1/1 inside the nose. C - Overlapping the super chambers.
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In this plan is foreseen to install two GE2/1 Chambers as well on the YE-2/1 disk
which is located just on the back of YE-1. Fig. 9.2 show the foreseen GE2/1 zone. at the
moment this area is vacant as it is shown in the gure.
Installing two GE1/1 super-chambers and two GE2/1 chambers will cover 20 sector
of the CMS endcap. This scenario we called "demonstrator". The idea of building it is to
verify the working parameters of the triple GEM detectors in the real working conditions
in CMS. Instrumenting the demonstrator will be also vital for the nal readout electronics
design.
Figure 9.2: CMS ebdcap disk YE-1 with the foreseen GE2/1 zone.
9.4 Conclusions
At the present moment the region high- region  region 1:6 < jj < 2:1 was foreseen to
be instrumented with RPCs. Due to hursh operational environmental conditions in this
region the present RPC technology cannot meet these demands. The present thesis covers
the development of a triple GEM based detector for this region of CMS. The project was
lunched as ocial R&D program which our group from Gent University was important
part. Several small prototypes where developed in order to validate the technology and to
tune many important parameters. They have been tested during the beam periods from
2010 till 2012 at CERN. In the same time was developed the rst triple GEM detector
prototype with full size of RE1/1 chamber using a thermo-stretching method. After may
technology attempts as nal prototype was produced a self stretching GE1/1 detector,
representing the nal design for the CMS high- application.
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Appendix A
Electronics Used for Prototype
Testing
In this chapter is described all the electronics infrostrucure used for the beam and lab
tests. Some of the modules and sofware tools are comercial and some of them are made
costum made for the special porpouse. My personal contribution is the development of
the data aquisition system for the time distribution mesurments of the GEM detector
protoypes, using the VFAT chip and CAEN V775 TDC.
A.0.1 Multichannel Analyzer MCA8000A
On g. A.1 is shown the MCA8000A module, which is a portable multichannel ana-
lyzermade by AMPTEK and is was used as ADC to readout the amplitude information
form the readout strips of the GEM prototypes. The module has RS232 connection to
the PC and can provide exible work with many detectors. 1. The stored data are with
ASCII format which easily can be used with root or other software tools. All the gain
measurements were performed with this device.
A.1 VFAT readout system
The VFTA2 chip is used for the test of small and GE1/1 prototypes. The two basic
functions of the chip are:
-Triggering: provide fast regional hit information to aid the creation of a rst
level trigger LV 1.
-Tracking: provide an high density of channels to obtain a precise spatial hit
information for a given triggered event.
Fig. A.2 shows the block diagram of the VFAT2. The VFAT2 chip (as reported in the
Operating Manual [73]) has 128 identical channels. It is a synchronous chip designed
for sampling sensors at the LHC clock frequency of 40MHz. Each channel consists of
a preamplier and shaper followed by a comparator2. If a particular channel receives a
1http://www.amptek.com/mca8000a.html
2The comparator is an asynchronous comparator without hysteresis. On passing a programmable threshold
the comparator output goes high and returns low again when descending back through the threshold. For very
large signals the comparator output may remain high for more than one clock cycle. Also if the signal barely
passes threshold the comparator output may go high for less than one clock period.
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Figure A.1: Portable multichannel analizer made from Amptek
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Figure A.2: Block diagram of the VFAT2 chip.
signal greater than the programmable threshold of the comparator a logic 1 is produced
for one clock cycle only by a monostable3 This logic 1 is written into the rst of two
SRAM memories (SRAM1). All other channels that do not go over threshold record a
3One clk cycle is the default setting. It is possible to stretch the output of the monostable up to eight clock
cycles.
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logic 0 in SRAM1. This occurs in parallel for all 128 channels at 40MHz. At the same
time a fast OR function can be used to set a ag which can immediately be used for
creating a trigger. It is foreseen to have up to eight programmable sectors which can be
agged with the fast OR in this way. On receiving a LV 1A signal, data corresponding
to the triggered time slot is transferred to a second SRAM memory (SRAM2). As soon
as SRAM2 contains data the Read cycle begins. The chip operates with a continuous
write/read operation without dead time. Table A.1 the technical specications of this
front end ASIC are listed.
Number of channels 128
Gain 60mV=fC
Front- end shaping time 22ns
Time walk (for 1:2 to 10fC with 1fC
threshold)
12ns
ENC  400e  + 40  60e =pF
Linearity 12fC
Internal Calibration test pulse  2fC to 18:5fC, LSB = 0:08fC with
(LSB) = 0:3fC
Sampling frequency 40MHz
LV 1A Latency Up to 6:4s
Storage capacity 128 triggered events
Slow Control interface I2C
Testability features Scan Chain, BIST, Probe pads, Auto test
patterns, Auto Data Packet
Power Consumption 168mW (Sleep Mode), 572mW (Run
Mode)
Radiation Resistance < 10MRad
Table A.1: VFAT2 specication [71].
A.2 Time Measurements DAQ
The time measurnment DAQ was design to be used for the time distribution measurn-
ments on the GEM detectors. With this tool is possible to see waht is the inuence of the
timme charachteristics of the detector when we are changing dierent gas mixtures, dif-
ferent gaps conguration etc. It is based on a VME architecture using standart modules
from CAEN. Like V2718 which is the PCI VME bridge, who is connecting the PC to the
VME crate and V775 TDC module described in bellow.
A.2.1 Time to Digital Converter (TDC) CAEN V775
The Model V775 A.3 is a 1-unit wide VME 6U module housing 32 Time-to-Digital
Conversion channels. The Full Scale Range can be selected via VME from 140 ns to
1.2 s with 8 bit resolution. The board can operate both in COMMON START and
in COMMON STOP mode. Each time interval between the COM signal and the input
signal is converted to a voltage level by the time to amplitude converter (TAC) sections.
The outputs of the TAC sections are multiplexed and subsequently converted by two fast
amdplitude to digital converters (ADC) modules (5.7 s conversion time).
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Figure A.3: Time to digital converter V775 made by CAEN http://www.caen.it
The time intervals between the input and COM signals are converted into a voltage
level by the TAC sections and then are multiplexed and converted by two fast 12-bit ADC
modules. On g. A.4 is shown the time diagram of the conversion and reading. When
there is input signal the TAC starts working by increasing its amplitude linearly in time.
When we have the COMMON signal present the TAC stops rising and the amplitude
value is measured with the fast ADC modules. Thie ADC digital value is representing the
time information for the arraiving time of the input signal with respect of the COMMON
trigger.
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Figure A.4: Signal conversion timing in Common Stop mode
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Nederlandstalige samenvatting
Het Standaard Model in de deeltjesfysica is een theorie die een beschrijving van de elec-
tromagnetische, zwakke en sterke interactie omvat. Dit zijn de wisselwerkingen die de
dynamiek van alle bekende elementaire deeltjes dicteren. De deeltjes die verantwoordelijk
zijn voor de overdracht van de wisselwerkingen worden ijkbosonen genoemd. Hoewel het
Standaard Model uiterst nauwkeurig zowat alle huidige experimentele data kan beschri-
jven, blijft deze theorie onvolledig.
Een voorbeeld van een probleem met het Standaard Model is de vraag hoe ma-
teriedeeltjes hun massa verkrijgen, hetgeen een van de belangrijkste thema's van vandaag
in de deeltjesfysica is. Theoretisch wordt dit verklaard via het Brout-Englert-Higgs-
mechanisme, dat stelt dat deeltjes een massa kunnen verwerven via een koppeling aan het
Higgsveld. Het bestaan van dit Higgsveld zou signaleerd kunnen worden via de experi-
mentele detectie van het bijhorende Brout-Englert-Higgs boson. Dit laatste deeltje werd
tot op heden nog niet experimenteel waargenomen4.
Een ander belangrijk thema in de deeltjesfysica is de zoektocht naar uitbreidingen
van het Standaard Model. Goeie kandidaten hiervoor zijn de zogenaamde Supersym-
metrische modellen. Deze lossen een aantal problemen uit het Standaard Model op,
maar voorspellen tevens dat elk gekend deeltje uit het Standaard Model een supersym-
metrisch partnerdeeltje heeft. Hierdoor zou het deeltjesspectrum verdubbelen, waarbij de
superpartners zich manifesteren op een massaschaal die een stuk hoger ligt dan voor de
Standaard Model deeltjes. Tot op heden werden nog geen dergelijke supersymmetrische
deeltjes experimenteel waargenomen.
Om de grootste uitdagingen in de moderne hoge energie deeltjesfysica aan te gaan,
zijnde de experimentele vericatie van het Brout-Englert-Higgs mechanisme en het zoeken
naar nieuwe fysica die buiten het Standaard Model valt, werd de Large Hadron Collider,
de grootste deeltjesversneller ooit, gebouwd in het CERN. In het LHC complex, is het
Compact Muon Solenoid experiment opgesteld als een van de grote general-purpose de-
tectoren, met als belangrijkste taak om fysica te bestuderen in de Teraschaal met behulp
van proton-proton botsingen. Om dit te doen, bouwde CMS een complexe detector die
een combinatie is van verschillende technologieen die geschikt zijn voor de LHC omgev-
ing. Een belangrijk onderdeel van de CMS detector is het muonsysteem dat essentieel is
voor het detecteren van bijvoorbeeld het zeer zuivere ZZ-verval van het Higgs boson in
4 muonen. Het muonsysteem moet redundant zijn, en moet in staat zijn om elk muon te
reconstrueren evenals een eciente muontrigger aan CMS te bieden. Voor de muon spoor-
reconstructie en triggering omvat the muonsysteem Drift Tubes in het barrel gedeelte en
Cathode Strip Chambers in de endcap disks. Als extra triggerdetectoren werden Resistive
Plate Chambers genstalleerd in zowel het barrel als endcap gedeelte.
4Eerder dit jaar werd simultaan door de CMS en ATLAS Collaboraties aangekondigd dat een nieuw deeltje
ontdekt werd met een massa van 125 GeV, dat compatibel lijkt te zijn met het Brout-Englert-Higgs boson.
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Op dit moment werkt de LHC met een massacentrumenergie van 7-8 TeV voor proton-
proton botsingen, hetgeen ongeveer de helft is van de nominale energie voor de LHC Phase
I periode. Na de LHC Long Shutdown I, die gepland is van maart 2013 tot maart 2015, zou
de energie de geplande 14 TeV bereiken. Ook de luminositeit van de versneller neemt met
de jaren gestaag toe en moet uiteindelijk een waarde bereiken van ongeveer 21034 cm 2s 1
aan het einde van Phase I. De overeenkomstige toename in deeltjes telkadans duwt de
huidige CMS detectie- en triggersystemen tot aan hun grenzen, en maakt een upgrade in
alle subdetectoren zoals het muonsysteem noodzakelijk om een betrouwbare werking bij
hoge rates en luminositeit te garanderen.
Op dit moment is het voorwaartse RPC endcap systeem niet genstrumenteerd in het
pseudorapiditeitinterval 1; 6 < jj < 2; 1. De technologie van de huidige CMS RPCs op
basis van bakeliet gaskamers, is niet geschikt voor dit hoge rate gebied van de detector,
vooral wanneer de LHC op volle luminositeit zal draaien. De hier gepresenteerde werk
beoogt de instrumentatie van dit deel van de endcap disks met Gas Electron Multiplier
detectoren met grote oppervlakte. GEMs zouden een verbeterde tracking en triggering ca-
paciteit voor het muonsysteem kunnen bieden en laten een stabiele en langdurige operatie
toe in een hoge stralingsomgeving zoals de LHC.
Het belangrijkste werk beschreven in dit proefschrift begon in 2009-2010 met de pro-
ductie van meerdere kleine triple-GEM prototypes. Deze werden gebruikt om diverse
aspecten van dit soort detectoren te valideren via metingen in het lab en in testbundels
in het CERN, zodat uiteindelijk de best mogelijke conguratie kon geselecteerd worden
gebruik in het CMS experiment.
Een eerste belangrijk doel was het bestuderen en optimaliseren van de tijdsresolutie
van de triple-GEM detectorconguratie. Voor deze tests werd een 10  10 cm2 triple-
GEM prototype gebouwd, met een op maat gemaakte high-voltage divider, waarmee
de elektrische velden over de folies en de verschillende zones in de detector eenvoudig
bijgeregeld konden worden. In deze studie werden verschillende gasmengsels gebruikt
om het prototype te bedrijven, en werd het eect van verschillende afstanden tussen de
GEM folies en van verschillende veldsterktes over de drift- en inductiezone bestudeerd.
Een tijdsresolutie van minder dan 5 ns werd verkregen, met een zone conguratie van
3/1/2/1 mm en een Ar/CO2/CF4 45/15/40 % gasmengsel.
Een van de technische moeilijkheden bij de productie van GEMs, is het strekken en
opspannen van de folies. Tijdens dit project werd een poging gedaan om deze stap in de
productie te vermijden, door gebruik te maken van een dielektrische honingraatframe als
spacer materiaal om de verschillende zones in de detector te denieren. Een 10 10 cm2
triple-GEM-detector werd met deze techniek gebouwd en werd getest in testbundels in het
CERN. Hoewel de detector goede prestaties vertoonde in vergelijking met de de standaard
GEMs, werden toch signicante lokale inecienties waargenomen op de plaats van de
wanden van de honingraatcellen. Om die reden werd het gebruik van deze techniek niet
verdergezet.
Een ander probleem met de productie van GEM folies met grote oppervlakte zoals
nodig voor CMS, is gerelateerd aan het fotolitograsch proces dat gebruikt wordt om de
gaten in de folies te etsen. Dit proces vereist het gebruik van fotomaskers om het patroon
van de gaten op de folie over te zetten. De standaard, zogenaamde double-mask procedure
gebruikt een masker aan beide zijden van de folie, waarbij een nauwkeurige uitlijning
tussen de twee maskers van essentieel belang is om een goede kwaliteit van de gatgeometrie
te verkrijgen. In het geval van CMS hebben de beoogde full-size triple-GEM detectoren,
de zogenaamde GE1/1 detectoren, een trapeziumvorm met grootste buitenafmetingen van
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ongeveer 1 m lengte en 0,5 m breedte. Voor de productie van dergelijke grote GEM folies,
is de uitlijning van de maskers in de double-mask techniek niet langer haalbaar. In plaats
daarvan moet de zogenaamde single-mask techniek worden toegepast, waarin slechts een
fotomasker nodig is om het gatenpatroon over te zetten op een GEM folie. Om deze heel
recent ontwikkelde techniek te valideren, werd nog een 10  10 cm2 prototype gebouwd
en getest in testbundels in het CERN. Dit single-mask prototype vertoonde uitstekende
karakteristieken, vergelijkbaar met het standaard double-mask prototype.
Op basis van de ervaringen opgedaan met de kleine prototypes, werd eind 2010 de eerste
full-size GE1/1 prototype detector gebouwd, met een zoneconguratie van 3/2/2/2 mm.
In die tijd was dit de grootste GEM detector ooit gebouwd. Om de GEM folies te strekken
werd de thermische methode gebruikt, die nadien tijdens de montage van de detector veel
delicate stappen vergde bij het lijmen van de frames en folies. De resultaten van vele
metingen in het lab en in testbundels toonden aan dat deze detector een uitstekende
performantie had op vlak van gain en ecientie, evenals qua homogeniteit in respons over
heel het oppervlak.
In een volgende stap was het doel een full-size detector te produceren met een zonecon-
guratie van 3/1/2/1 mm, teneinde een soortgelijke tijdresolutie van ongeveer 5 ns te be-
halen zoals met de kleine prototypes. In 2011 werd GE1/1 Prototype 2 gebouwd, waarbij
de uitdaging erin bestond om een homogene afstand van 1 mm aan te houden tussen de
elektroden over het gehele oppervlak van  0; 5 m2. Tijdens metingen in testbundels in
het CERN vertoonde ook deze detector een uitstekende performantie.
In de CMS detector zouden de GEMs worden genstalleerd in een zone waar het mag-
netisch veld van de solenoide kan oplopen tot ongeveer 1,5 T. Om het eect hiervan te
evalueren op de GEMs, werd de GE1/1 Prototype 2 detector ook in een magnetisch veld
gelijkaardig aan het veld in de CMS YE1/1 zone getest. Er werd geen degradatie in de
detector respons waargenomen. De gemeten verschuiving van de detector hits als gevolg
van de afbuiging van de elektronenwolk in de detector onder invloed van het magnetisch
veld kon gereproduceerd worden in simulaties.
De thermische lijmmethode die gebruikt werd om de eerste twee GE1/1 prototypes
te bouwen, is niet bruikbaar voor een eciente massaproductie van detectoren . Het
lijmproces omvat vele stappen die veel tijd in beslag nemen en die ook een grote oven
in een cleanroom omgeving vereisen. Bovendien, eens de montage voltooid is, is er geen
mogelijkheid meer om de detector te openen voor herstellingen of aan het aanbrengen van
wijzigingen. Om dit te verhelpen werd een nieuw ontwikkelde techniek beschouwd, waarbij
de GEM folies met behulp van mechanische krachten vanzelf gestrekt en opgespannen
worden. Deze methode werd gebruikt bij de productie van twee nieuwe kleine triple-
GEM prototypes, NS1 (10  10 cm2) en NS2 (30  30cm2). Aangezien beide detectoren
uitstekende prestaties leverden, werd dezelfde methode toegepast bij de productie van het
derde CMS GE1/1 prototype in juni 2012. Dit is de eerste detector die geschikt is voor
CMS en die een gentegreerde koelingsoptie bevat voor de HV divider en de on-detector
elektronica. De lab tests van dit prototype zijn momenteel aan de gang, en de eerste
metingen in testbundels met deze detectoren zijn voorzien in november van dit jaar.
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